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“You look at science (or at least talk of it) as some sort of demoralizing 
invention of man, something apart from real life, and which must be cautiously 
guarded and kept separate from everyday existence. But science and everyday 
life cannot and should not be separated. Science, for me, gives a partial 
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“GRAPHENE OXIDE AND GRAPHENE OXIDE FUNCTIONALIZED 
WITH SILVER NANOPARTICLES: ANTIBACTERIAL ACTIVITY 
AND POLYMERIC COMPOSITE APPLICATIONS” 
 
Graphene oxide (GO) is a chemically modified form of graphene that 
possesses oxygen-containing groups (epoxy, carboxyl, carbonyl, and hydroxyl) 
distributed on the plane and on the edges of the graphene sheets. Due to its 
abundance of oxygenated groups, GO has been used as a platform to support 
and stabilize metallic nanostructures, such as silver nanoparticles (AgNPs), with 
the aim of fulfilling biological applications. GO has also been considered a 
promising material for building polymeric composites because of its excellent 
dispersibility and high surface area. In this work, we report the synthesis of GO 
and GO functionalized with AgNPs (GO-Ag) for use as a broad-spectrum 
antibacterial agent.  
GO was synthesized through the modified Hummers method, and the 
GO-Ag was prepared through the in situ reduction of silver ions by sodium 
citrate. Spherical AgNPs with an average size of 9.4 nm were found to be well-
dispersed throughout the GO sheets. This nanocomposite exhibited excellent 
antimicrobial activity against common nosocomial bacteria such as Escherichia 
coli, Enterococcus faecalis, Acinetobacter baumannii, and methicillin-resistant 
Staphylococcus aureus.  
GO-Ag nanocomposites were also applied as an effective antimicrobial 
agent to prevent bacterial proliferation on micro and ultrafiltration membranes. 
Cellulose acetate (CA) membranes were fabricated with GO and GO-Ag 
xvi 
incorporated into the polymeric matrix (CA-GOAg). After functionalization, 
the permeable CA membranes modified with GO-Ag were able to inactivate 
90% of E. coli cells, representing a dramatic improvement over the non-
modified CA membranes. These results suggest that the incorporation of GO-
Ag nanocomposites is a promising approach to control biofouling in water 
purification membranes. 
To address the demand for novel ultraviolet shielding materials with high 
stability, transparent and UV-shielding composite films were fabricated by 
casting a mixture of GO and cellulose acetate (CA). The physicochemical 
characterization revealed that GO sheets were well-dispersed throughout the 
polymeric matrix, providing smooth and homogeneous composite films. In 
comparison with pristine CA films, the composite films displayed an improved 
UV-shielding capacity combined with optical transparency under visible light, 
supporting their application as transparent UV-protective coatings for food, 











“ÓXIDO DE GRAFENO E ÓXIDO DE GRAFENO FUNCIONALIZADO 
COM NANOPARTÍCULAS DE PRATA: ATIVIDADE 
ANTIBACTERIANA E APLICAÇÕES EM COMPÓSITOS 
POLIMÉRICOS” 
 
O óxido de grafeno (GO) é uma forma quimicamente modificada de 
grafeno que possui grupos funcionais contendo oxigênio (epóxi, carboxila, 
carbonila, e hidroxila) distribuídos sobre a base e as bordas de suas folhas. 
Devido à abundância dos grupamentos oxigenados, o GO tem sido usado como 
uma plataforma para suportar e estabilizar nanoestruturas metálicas, tais como 
as nanopartículas de prata (NPAg), visando aplicações biológicas. Além disso, 
devido à sua excelente capacidade de dispersão e elevada área superficial, o GO 
tem sido considerado uma carga promissora para a construção de compósitos 
poliméricos. Neste trabalho, relatamos a síntese do GO e dos nanocompósitos 
de óxido de grafeno funcionalizado com NPAg (GO-Ag) os quais podem ser 
utilizados como agentes antibacterianos de amplo espectro. 
O GO foi sintetizado por meio do método de Hummers modificado, e o 
GO-Ag foi preparado através da redução in situ dos íons de prata por citrato de 
sódio. As folhas de GO foram funcionalizadas com NPAg esféricas de diâmetro 
médio de 9,4 nm. Estes nanocompósitos exibiram excelente atividade 
antimicrobiana contra as principais bactérias presentes em ambiente hospitalar, 
tais como Escherichia coli, Enterococcus faecalis, Acinetobacter baumannii e 
Staphylococcus aureus resistente à meticilina. 
xviii 
Os nanocompósitos GO-Ag também foram aplicados como eficazes 
agentes antimicrobianos a fim de evitar a proliferação bacteriana em 
membranas de micro e ultrafiltração. Neste sentido, membranas 
antimicrobianas de acetato de celulose (CA) foram fabricadas a partir da 
incorporação de GO e GO-Ag na matriz polimérica (CA-GOAg). Após a 
funcionalização, as membranas permeáveis modificadas com GO-Ag foram 
capazes de inativar cerca de 90% das células de E. coli em comparação com as 
membranas de CA não modificadas. Os resultados sugerem que a incorporação 
de nanocompósitos GO-Ag é uma abordagem promissora para controlar o 
desenvolvimento da adesão bacteriana em membranas de purificação de água. 
Com relação à demanda de novos materiais com elevada estabilidade e 
com capacidade de proteção contra radiação ultravioleta (UV), foram 
fabricados filmes compósitos transparentes a partir de acetato de celulose e 
óxido de grafeno. A caracterização físico-química revelou que as folhas de GO 
estão bem dispersas por toda a matriz polimérica, proporcionando filmes 
compósitos lisos e homogêneos. Em comparação com os filmes pristinos de 
CA, os filmes compósitos exibiram melhor capacidade de proteção contra 
radiação UV combinado com transparência óptica à luz visível, o que reforça a 
sua aplicação como revestimentos transparentes com proteção UV para 
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Nanotechnology has emerged as an alternative approach for the 
development of materials with novel or enhanced properties to meet the 
increasing industrial demand for advanced functional materials. Carbon-based 
nanostructured materials such as graphene and carbon nanotubes have been 
developed as model systems in nanoscience and nanotechnology. Graphene-
based nanomaterials are a special class of materials that has attracted a great 
deal of attention because of their large surface area and outstanding electronic, 
mechanical, and thermal properties. 
Graphene is a two-dimensional material composed of a hexagonal sp2-
hybridized carbon network, while graphene oxide (GO) is a chemically 
modified graphene bearing oxygenated functional groups (e.g., epoxy, 
carboxyl, hydroxyl). This chemically modified graphene form is a promising 
building block for the preparation of new nanocomposites with unique 
functionalities. Silver nanoparticles (AgNPs) have been assembled on GO 
surfaces because of the excellent antibacterial properties of nanocomposites. 
These graphene-based nanomaterials have found a wide range of applications, 
motivating the division of this doctoral work into 4 chapters.  
The first chapter is dedicated to the synthesis and physicochemical 
characterization of GO and graphene oxide decorated with silver nanoparticles 
(GO-Ag) nanocomposites. The interesting properties of these graphene-based 
materials make them versatile nanomaterials for use as fillers in polymeric 
nanocomposites and as novel antibacterial agents. Therefore, the sequential 
chapters report their use in various applications such as broad-spectrum 
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antibacterial agents (Chapter 2), water purification processes (Chapter 3), and 
ultraviolet-protective coatings (Chapter 4). 
Methicillin-resistant Staphylococcus aureus (MRSA) has caused serious 
hospital infections throughout the world, and the use of nanomaterials 
represents a promising alternative to conventional antibiotic approaches. 
Chapter 2 demonstrates the application of GO-Ag nanocomposites as an 
excellent antibacterial agent against common nosocomial bacteria such as 
Escherichia coli and the antibiotic resistant MRSA. We also investigate the 
morphological changes of bacterial cells as a result of direct contact with GO-
Ag. 
One of the major drawbacks of water treatment processes is the bacterial 
adhesion to the filtration membranes. Due to the numerous problems associated 
with bacterial colonization on the membrane surface, new approaches are 
needed to prevent bacterial adhesion and subsequent biofilm formation. Chapter 
3 reports the incorporation of GO and GO-Ag nanocomposites into cellulose 
acetate membranes. The composite membranes were prepared by the direct 
dispersion of GO and GO-Ag into the polymeric solution. The antibacterial 
activity of the modified membranes was evaluated against Escherichia coli and 
Staphylococcus aureus.  
Various semiconductor metal oxide nanoparticles have been incorporated 
into transparent polymers to produce functional materials with improved 
ultraviolet (UV) shielding properties. However, the photocatalytic activity of 
these nanoparticles also induces photo-degradation of the polymeric matrix. To 
address the demand for novel UV-shielding materials with better stability, 
Chapter 4 presents the fabrication and characterization of transparent and UV-
shielding composite films based on GO and cellulose acetate, prepared via a 
solvent-casting method.  
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1.1. Graphene and graphene oxide 
 
Graphene is a one-atom thick sp2-bonded carbon arranged in a 
honeycomb lattice that has emerged as a novel two-dimensional material, 
opening up a range of possibilities for new applications [1, 2]. The extent of -
conjugation in graphene yields outstanding physical properties such as high 
charge carrier mobility, quantum Hall effect at room temperature, tunable band 
gap, high thermal conductivity, high elasticity, excellent optical transmittance, 
and large specific surface area [3-5]. Graphene is the basic building block for 
other carbon allotropes with different dimensions: graphene monolayers can be 
wrapped into zero-dimensional fullerenes, rolled into one-dimensional 
nanotubes, and stacked into three-dimensional bulk graphite.  
This remarkable material was first isolated in 2004 by Geim and 
Novoselov [1] from the mechanical cleavage of bulk graphite. The mechanical 
exfoliation consists of the use of an adhesive tape ('Scotch tape') in repeated and 
successive adhesion and detachment operations, forming thin monolayers from 
graphite flakes [6]. Graphene monolayers can also be produced by epitaxial 
growth on silicon carbide (SiC) surfaces [7] and on metal surfaces by chemical 
vapor deposition (CVD) from hydrocarbon gases [8]. These methods produce 
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high quality and defect-free graphene but are time-consuming and low-
throughput, and exhibit poor scalability.  
Chemically modified graphene materials, particularly graphene oxide 
(GO), have been developed to overcome these drawbacks associated with the 
production of graphene-based materials. GO sheets can eventually be reduced 
through chemical or thermal approaches to generate graphene monolayers. GO 
possesses the basal plane and edges of the sheets functionalized with oxygen-
containing groups (epoxy, carboxyl, carbonyl, and hydroxyl), resulting in a 
strongly hydrophilic and highly reactive material [6, 9].  
GO can be synthesized by the chemical exfoliation of graphite in the 
presence of strong acids and oxidizing agents [10]. This wet chemical route is 
based on the weakening of the van der Waals interactions by the insertion of 
reactants into the interlamellar spacing of graphite. Consequently, the sp2 
network is partially converted to sp2-sp3, thus reducing the - stacking stability 
[9]. The major advantages of this method are its low cost and massive scalability 
[6]. 
GO has a long history, with Brodie first reporting the oxidation of 
graphite flakes in fuming nitric acid and potassium chlorate in 1859, naming the 
primary suspension graphitic acid [11]. Almost 40 years later, Staudenmeier 
improved Brodie’s method by increasing the acidity of the mixture with the 
addition of concentrated sulfuric acid to obtain a more oxidized product [12]. 
Unfortunately, both approaches require a several days long reaction and use the 
oxidizing agent potassium chlorate, which generates the highly toxic and 
unstable chlorine dioxide gas [13]. Likewise, the use of nitric acid results in the 
liberation of gaseous nitrogen dioxide and/or dinitrogen tetroxide [14]. 
A hundred years after the first report on graphite oxide, Hummers and 
Offeman presented a method involving the oxidation of graphite flakes by 
5 
potassium permanganate in concentrated sulfuric acid media [15]. Although 
permanganate is a common oxidant, in this case the active specie is manganese 
heptoxide (Mn2O7, also known as permanganic anhydride), which is formed by 
the reaction of potassium permanganate with sulfuric acid as follows [16]: 
 
KMnO4 + 3 H2SO4 → K
+ + MnO3
+ + H3O
+ + 3 HSO4
-                                (1.1) 
MnO3
+ + MnO4
- → Mn2O7                                                                           (1.2) 
 
The Mn2O7 specie is much more reactive, as it is a stronger oxidant; 
however, it decomposes explosively at temperatures above 55 °C. Thus, the 
Hummers method requires only a few hours for completion and low 
temperatures (below 50 °C). This method remains the most common method to 
synthesize GO, and some synthetic improvements have been made to obtain GO 
sheets with a higher degree of oxidation [17-19].  
The precise chemical structure of GO remains a topic of debate. It 
remains remarkably challenging to determine the structure because of the 
complexity of this material, including the wide diversity of GO samples (which 
can vary as function of graphite source and chemical oxidation conditions), and 
its non-stoichiometric and amorphous nature [13]. The most widely accepted 
structure of GO is the Lerf-Klinowski model, which is supported by 13C solid 
state nuclear magnetic resonance spectroscopy measurements (Figure 1.1) [20]. 
This model proposes that hydroxyl and epoxide groups decorate the basal plane 
of GO sheets, forming islands among the graphene-like regions, whereas 











Figure 1.1. The Lerf-Klinowski structural model of GO (Dreyer et al. [4]). 
 
Recently, a significant change in GO structure has emerged due to the 
non-covalent attachment of so-called oxidative debris (or carboxylated 
carbonaceous fragments) on the GO surface. Oxidation debris is a carbonaceous 
byproduct generated during oxidative treatment of carbon-based materials with 
strong acids [21, 22]. The adsorption of these polyaromatic molecular fragments 
on GO sheets occurs via π-π stacking interactions. The detection and elucidation 
of oxidation debris on the GO surface was first described by Rourke, Wilson 
and co-workers [23]. These authors suggested that debris acts as a surfactant, 
stabilizing aqueous dispersions of GO. 
Nevertheless, the presence of oxidative debris on the GO surface directly 
affects the currently proposed structural models of this material, suggesting 
significant implications for its chemical composition and covalent 
functionalization. These adhered particles can be removed through a base-wash 
treatment, leading to a less oxygenated GO surface [23]. In a subsequent study, 
Faria et al. reported that the presence of oxidative debris on the GO surface 
(commercial GO sample from Cheap Tubes Inc., USA) influenced the 
nucleation and stabilization of silver nanoparticles [24]. After the debris was 
removed, the debris-free GO surface had a lower stabilizing capacity, anchoring 
larger silver nanoparticles. Thus, the effects of presence of oxidative debris on 
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the structural models, chemical composition, and purity of GO must be 
considered. 
In summary, the excellent dispersibility in water and the reactive surface 
functionalities (hydroxyl, carboxyl, epoxy groups) of GO combined with its 
large surface area make this nanomaterial a highly versatile building block for 
the development of carbon-based materials. The oxygenated functional groups 
enable the chemical functionalization of GO sheets via covalent and non-
covalent interactions, with potential applications in polymer composites, paper-
like materials, and sensors. Moreover, these groups increase the 
biocompatibility and/or biofunctionality of GO, expanding its use in biomedical 
applications [25].  
 
1.2. Graphene oxide functionalized with silver nanoparticles 
nanocomposites 
 
In terms of chemical modification, GO has been exploited as a versatile 
building block to fabricate novel graphene-based nanocomposites. In particular, 
this nanomaterial has been used as a platform to disperse and stabilize a variety 
of nanoparticles such as Ag, Au, Pt, Pd, TiO2, ZnO, and Fe3O4 [26-32]. The 
assembly of metal nanoparticles on GO sheets may prevent the restacking of 
these sheets, resulting in interesting properties for applications in optics, 
electronics, catalysis, energy storage, and sensors [33].  
In particular, GO decorated with silver nanoparticles (GO-Ag) has 
attracted a great deal of attention due to the potential applications of this novel 
nanocomposite as a gas sensor, an approach to enhancing the surface intensity 
for Raman spectroscopy (surface-enhanced Raman spectroscopy - SERS), and 
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as an antibacterial agent [24]. The oxygen-containing groups on the GO surface 
offer nucleation sites for the attachment of silver ions and the growth of silver 
nanoparticles (AgNPs) [34, 35]. For instance, Pasricha et al. embedded AgNPs 
on GO sheets without any surface functionalization, resulting in one-step 
nanocomposite formation [34]. The authors proposed that silver ions might 
attach to the carboxylic moieties of GO, leading the reduction to take place on 
the surface of the sheets. The presence of AgNPs maintained the exfoliated state 
of the graphene sheets, without stacking.  
AgNPs can be formed through the reduction of silver ions by numerous 
reductants including sodium borohydride [32], ascorbic acid [36], and reducing 
sugars [37]. However, the classical Turkevich method for preparing metal 
nanoparticles makes use of the non-toxic sodium citrate reducing agent [38, 39]. 
In this sense, Zhang et al. reported the one-pot synthesis of the hybrid material 
gold nanoparticles-reduced graphene oxide (Au-RGONS) using sodium citrate 
as a reductant [40]. The authors demonstrated that GO sheets were converted to 
reduced graphene oxide, with the result that sodium citrate was able to reduce 
both the Au precursor and the GO sheets, making it an excellent electron donor. 
Yuan et al. also found that sodium citrate simultaneously reduced silver ions 
and GO sheets, resulting in graphene/Ag nanocomposites (GNS/AgNPs) [41]. 
In contrast, some reports describe the spontaneous reduction of silver ions 
on GO sheets without using any reductant [42, 43]. For example, Wang et al. 
prepared silver nanoparticles, nanocubes, and dendrites on GO sheets using the 
oxygen functional groups of GO as reductants [42]. GO played a dual role as 
the reducing agent and the substrate for silver deposition. The authors suggested 
that GO-Ag hybrids were obtained through the attachment of silver ions to GO 
oxygenated groups, followed by the formation of AgNPs by a redox reaction.  
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It is well known that AgNPs possess excellent antimicrobial properties 
and have been used as biocidal agents in health, food, and textile applications 
[44]. Thus, the GO-Ag nanocomposites can be considered a new class of 
antibacterial materials [35, 45-47]. Apart from their antimicrobial properties, 
the attachment of stable and dispersed AgNPs on a graphene-based support 
hinder the aggregation of these nanoparticles and the consequent deterioration 
of their chemical properties [48].  
Faria et al. prepared GO-Ag nanocomposites using sodium citrate as 
reducing agent [35]. The resulting GO-Ag exhibited excellent antibacterial 
activity against the Gram-negative Pseudomonas aeruginosa. Moreover, this 
nanocomposite inhibited 100% of P. aeruginosa cells adhered to a stainless 
steel surface after one hour of contact. Ma et al. modified GO sheets by 
depositing AgNPs (Ag-GO) using glucose in the presence of ammonia [46]. 
The Ag-GO nanocomposite exhibited superior antibacterial activity towards 
Escherichia coli, which was attributed to the synergistic effect of AgNPs and 
GO sheets. Xu et al. prepared water-soluble Ag@reduced graphene oxide 
(Ag@rGO) nanocomposites by a synthetic approach in which silver ions were 
reduced by reduced graphene oxide sheets without using additional reductants 
[47]. The nanocomposites exhibited excellent bactericidal activity against E. 
coli cells, also attributed to a synergistic effect. 
The GO-Ag nanocomposites exhibit several advantages in comparison to 
isolated AgNPs. The interaction of AgNPs with GO sheets ensures the 
immobilization of these nanoparticles on the GO surface, preventing any 
movement of AgNPs. Accordingly, this strong interaction increases the material 
biocompatibility and reduces the toxicological effects and environmental 
impacts associated with metal nanoparticles. Additionally, GO-Ag is highly 
dispersible in water, holds a large surface area, and presents excellent 
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antibacterial activity at low concentrations, without presenting the adverse 
effects of microbial resistance.  
Nevertheless, the highly attractive properties of GO-Ag nanocomposites 
make this nanomaterial an interesting platform for a variety of industrial 
applications ranging from antibacterial agents to fillers in polymeric 
composites. The antibacterial activity of GO-Ag nanocomposites will be 




This chapter demonstrates the synthesis of GO through the modified 
Hummers method. We also demonstrate the synthesis of GO-Ag 
nanocomposites through the modified Turkevich method, involving the in situ 
reduction of silver ions by sodium citrate.  
We present an extensive characterization of GO and GO-Ag 
nanocomposites to investigate the physicochemical properties and the 













3.1. Synthesis of graphene oxide (GO) 
 
Single-layered GO sheets were synthesized by the modified Hummers 
method [15, 18]. Briefly, graphite was pretreated to ensure complete oxidation. 
Natural graphite powder (1.0 g, 98.0%, Synth, Brazil) was placed into an 80 °C 
mixture of concentrated sulfuric acid (4.4 mL, H2SO4, 95.0 – 98.0%, Synth), 
potassium persulfate (0.8 g, K2S2O8, 99.0%, Sigma-Aldrich) and phosphorous 
pentoxide (0.8 g, P2O5, 98.0%, Sigma-Aldrich). The dark blue mixture was kept 
on a hotplate under magnetic stirring for 4.5 h. Shortly after, heating was 
stopped and the mixture was diluted with deionized (DI, Milli-Q®) water (170 
mL) and left overnight. On the following day, the mixture was filtered using a 
0.22 µm PVDF (polyvinylidene fluoride) membrane (Millipore®) and washed 
with DI water until the filtrate reached neutral pH. The dark isolated solid was 
air dried at room temperature overnight. 
For the oxidation procedure, the pretreated graphite was added slowly 
into a chilled flask at 0 °C containing concentrated H2SO4 (40 mL). Potassium 
permanganate (5.0 g, KMnO4, 99.0%, Synth) was gradually added over 15 - 20 
min and the temperature was controlled to ensure that it did not exceed 10 °C. 
The ice bath was removed and the resulting dark brown-purple mixture was 
allowed to react at 35 °C for 2 h. DI water (77 mL) was then added in small 
aliquots, and an ice bath was used to maintain the temperature below 50 °C. 
After the addition of water, the mixture was stirred for an additional 2 h. At that 
point, more DI water (230 mL) was introduced into the flask, immediately 
followed by the addition of 30% hydrogen peroxide (4 mL, H2O2, 30.0%, 
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Synth), resulting in a bright-yellow mixture that was allowed to settle for 2 days. 
The mixture was decanted and the clear supernatant was removed. The 
remaining mixture was purified by centrifugation and washing with 10% 
hydrochloric acid (500 mL, HCl, 36.5 – 38.0%, Synth) followed by DI water to 
remove metal ions and acid, respectively. The product was suspended in DI 
water to obtain a stable viscous brown dispersion, which was dialyzed for 10 
days to remove residual salts (Fisherbrand dialysis tubing 12,000-14,000 Da). 
The resulting homogeneous graphite oxide dispersion was lyophilized and 
stored in a sealed vessel. GO suspensions were obtained by dispersing the 
product in water followed by sonication in an ultrasound bath (Cole-Parmer 
8891). 
 
3.2. Synthesis of graphene oxide functionalized with silver 
nanoparticles (GO-Ag) nanocomposites  
 
The GO-Ag nanocomposites were produced by a modified Turkevich 
method [35] using sodium citrate (Na3C6H5O7, 99.0%, Synth) as the 
reducing/stabilizing agent. For this, a colloidal dispersion of GO was prepared 
by dispersing 6.25 mg GO in 20 mL DI water followed by sonication in an 
ultrasound bath for 30 min. After that, 8.4 mg (1.0 x 10-3 mol L-1) silver nitrate 
(AgNO3,  99.0%, Sigma-Aldrich) was dissolved in 20 mL DI water and then 
mixed with the previous GO dispersion. This mixture was subjected to 
sonication for an additional 30 min and transferred to a two-neck round-bottom 
flask. The dispersion containing GO and AgNO3 was heated at reflux, and as 
soon as it began to boil, 10 mL 1.0 x 10-3 mol L-1 Na3C6H5O7 solution was added 
dropwise. The reaction was maintained for 50 min at 130 °C. The color of the 
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solution slowly turned black-green, indicating the formation of the GO-Ag 
nanocomposite. The GO-Ag was dialyzed for 2 days to remove residual salts 
(Fisherbrand dialysis tubing 12,000-14,000 Da) and stored in a sealed vessel 
protected from light.  
 
3.3. Characterization of GO and GO-Ag nanocomposites 
 
The GO and GO-Ag functional groups were identified by Fourier 
transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy 
(XPS). FTIR spectra were obtained using a Bomem MB B100 spectrometer in 
the 400-4000 cm-1 wave number range from a sample prepared using a 
homogeneous potassium bromide (KBr) pellet. XPS analysis was performed on 
a K-Alpha XPS instrument (Thermo Fisher Scientific, UK) using an AlΚα X-
ray source under vacuum >10-8 mbar and employing charge compensation 
during measurements. Data analysis was performed using the Thermo Avantage 
software (Version 5.921). 
The electronic transitions on GO and GO-Ag, and the formation of AgNPs 
were investigated by ultraviolet-visible spectroscopy (UV-vis) using a 
Shimadzu UV-1650PC spectrometer. 
The crystallographic structure was analyzed by X-ray diffraction (XRD) 
using a Shimadzu XRD-700 diffractometer. Analysis was conducted with CuΚα 
X-ray radiation (λ=1.54056 Å) with a generator voltage of 40 kV in a 2θ range 
from 5° to 80° with a scan rate of 2° min-1.  
The thermal behavior of GO and GO-Ag was investigated through 
thermogravimetric analysis (TGA) using a thermogravimetric analyzer (TA 
Instruments SDTQ600). The samples were analyzed over a temperature range 
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from 25 to 800 °C with a ramp rate of 10 °C min-1 under a synthetic air flow 
rate of 100 mL min-1.  
The amount of silver deposited on the GO sheets was determined by 
inductively coupled plasma-optical emission spectrometry (ICP-OES). The 
diluted GO-Ag sample (1:10) was added to a digestion tube containing 
concentrated nitric acid (HNO3, 65.0 – 70.0%) for 24 h. After this period, the 
sample was brought back to volume and analyzed using a Perkin Elmer 
OPTIMA 3000 DV ICP-OES spectrometer. 
Raman spectroscopy measurements were carried out on a Horiba T64000 
Raman Spectrometer with an argon ion laser at 514 nm excitation, a laser power 
of 5 mW and a resolution of 3 cm-1.  
Atomic force microscopy (AFM) tapping mode imaging of GO sheets was 
performed on a SHIMADZU SPM-9600 microscope using a silicon cantilever 
(300 kHz nominal resonance frequency). The sample was prepared by dropping 
a 10 µg mL-1 GO dispersion onto a freshly cleaved mica substrate. 
The morphology of GO and GO-Ag sheets was observed by transmission 
electron microscopy (TEM) using a Zeiss LIBRA 120 microscope coupled to 
an Omega Filter-spectrometer with an accelerating voltage of 120 kV. The 
sample was prepared by dropping a 100 µg mL-1 GO or a GO-Ag dispersion 









4. Results and Discussion 
 
Graphene oxide sheets are comprised of oxidized graphene sheets bearing 
oxygen-containing functional groups such as epoxy, carboxyl, carbonyl, and 
hydroxyl groups. In other words, GO is composed of small aromatic domains 
in conjunction with abundant oxygen functionalities. GO is highly hydrophilic 
and yields highly stable aqueous dispersions. In addition, the oxygenated groups 
enable the facile chemical functionalization of GO sheets via covalent and non-
covalent interactions. Thus, the decoration of GO sheets with AgNPs produces 
nanocomposites with outstanding properties. 
GO was synthesized by the modified Hummers method, and the GO-Ag 
nanocomposite was prepared by the reduction of silver ions in situ in a GO 
dispersion (brown color) using sodium citrate as the reducing agent. The 
resulting stable GO-Ag dispersion was black-green in color. The role of the 
oxidative debris on the GO surface is beyond the scope of this work. When the 
GO was washed with sodium hydroxide we were not able to isolate and 
characterize debris fragments, thus this GO sample did not contain debris 
fragments on its surface. Therefore, the GO synthesized here was used in this 
work without any further treatment. 
The UV-vis spectrum of pristine GO exhibited characteristic bands, with 
a maximum absorption band at approximately 230 nm and a shoulder at ~301 
nm, corresponding to the -* electronic transitions of C=C aromatic bonds and 
the n-* electronic transitions of C=O bonds, respectively (Figure 1.2). The 
attachment of AgNPs on the GO surface was primarily confirmed through the 
detection of a band at 410 nm, which is assigned to the plasmon resonance of 
silver nanoparticles [45, 49]. Moreover, the GO-Ag UV-vis spectrum shows 
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that the electronic transitions of C=C aromatic bonds exhibited a red-shift to 
approximately 263 nm and that the shoulder has disappeared. These 
observations suggest that GO sheets were simultaneously reduced by sodium 
citrate during the formation of AgNPs, resulting in a partial restoration of the 











Figure 1.2. UV-vis absorption spectra of GO and GO-Ag dispersions (50 µg 
mL-1). Inset: photographs of GO and GO-Ag dispersions, left and right, 
respectively. 
 
XRD patterns show the crystalline features of precursor graphite, GO, 
and GO-Ag (Figure 1.3). The typical diffraction peak of pristine graphite at 2θ 
= 26.5° indicates an interlayer spacing of 0.34 nm between (002) atomic planes 
in graphite (JCPDS 75-1621) [51]. After the oxidation procedure, the diffraction 
peak was shifted to 2θ = 10.5°, providing evidence that GO is significantly 
different from the precursor graphite [52]. This diffraction peak for raw GO is 
due to the stacking of the sheets, indicating an interlayer spacing of 0.84 nm. 
This distance is attributed to the introduction of oxygen moieties onto the GO 
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surface and to the entrapment of water molecules between hydrophilic GO 
sheets. All of these oxygenated groups were incorporated into the GO structure 
during the chemical oxidation of graphite. 
The attachment of AgNPs onto the GO sheet surface was also confirmed 
by XRD patterns (Figure 1.3). The GO-Ag diffraction peaks observed at 2θ = 
38.1º, 44.3º, 64.5º, and 77.5º match the crystalline planes of face-centered cubic 
silver (JCPDS 07-0783) [53]. Moreover, the peak at 2θ = 10.5º that is usually 
attributed to the stacking of GO sheets disappeared after decoration with the 
AgNPs. Therefore, the functionalization of the GO surface with the AgNPs 












Figure 1.3. XRD patterns of graphite, GO, and GO-Ag nanocomposites. 
 
The thermal behavior of GO and GO-Ag nanocomposites was 
investigated through TGA analysis (Figure 1.4). The TGA curve of GO (Figure 
1.4 A) displays two typical steps of thermal decomposition. The first mass loss 
of ~28 wt% in the range of 180 – 210 °C can be ascribed to the decomposition 
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of oxygen-moieties. The abrupt mass loss of ~47 wt% observed in the range of 
500 – 515 °C can be attributed to the decomposition of graphitic domains [53]. 
The thermal events are also visualized in the derivative thermogravimetric 
(dw/dT) curves (blue line). 
The GO-Ag nanocomposite presented a similar thermal decomposition 
profile (Figure 1.4 B). However, the GO-Ag nanocomposite exhibited a 
reduction in decomposition temperatures in comparison to the GO sample. For 
example, the first mass loss of ~15 wt% occurred between 150 – 180 C, and 
the second mass loss of ~28 wt% took place approximately 310 – 390 C. It is 
important to note that GO-Ag also exhibited a lower mass percentage than the 
GO sample. This fact can be attributed to the presence of fewer oxygenated 
groups on GO-Ag surfaces as a result of the simultaneous reduction of GO 
during the AgNPs formation, as well as to the presence of AgNPs.  
The exact reason for the shift of GO-Ag to lower combustion 
temperatures remains unclear [54]. However, three effects are suggested to 
explain this behavior. First, AgNPs act as catalysts in the material combustion. 
Second, silver is a good conductor, absorbing heat and passing through the 
graphene sheets, thus leading to combustion at lower temperatures. Lastly, the 
presence of AgNPs on the GO surface increases the surface area of the 
nanocomposite in relation to the GO area, thus absorbing more heat than pure 
GO. These facts indicate that the presence of AgNPs predicted the 
decomposition temperature of the graphitic portion, as also observed by Faria 
et al. [35]. 
As the graphitic domains were completely decomposed before 600 C, 
the TGA analysis allowed the determination of the silver content of GO-Ag 
nanocomposites. Above this temperature, the residues can be related to the 
silver content of GO-Ag nanocomposites. Therefore, the final silver residue of 
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approximately 50 wt% implies that the mass ratio proportion of Ag:GO is 
approximately 1:1. This result is in agreement with the silver determination by 
ICP-OES. The silver concentration was found to be 122 µg mL-1, practically the 
























The presence of oxygenated functional groups on GO and GO-Ag 
nanocomposites was investigated by FTIR. FTIR spectra reveal the peak 
intensities of GO and GO-Ag oxygen-containing groups (Figure 1.5). GO 
shows a broad and intense band ranging from 3050 to 3750 cm-1 assigned to the 
presence of hydroxyl stretching vibrations in alcohols (C−OH), carboxylic acid 
(C(O)OH) and H2O. More precisely, the O−H stretching mode appeared at 
approximately 3425 cm-1. C−H stretching modes were identified through small 
bands in the range of 2850 to 2920 cm-1. Carbonyl (C=O) groups are revealed 
at 1735 cm-1. The peak found at 1626 cm-1 is assigned to in-plane vibrations of 
sp2-hybridized carbon atoms (C=C). The stretching modes of C−OH, C−O−C, 
and C−O are assigned to 1390, 1222, and 1053 cm-1, respectively. The bands at 
lower frequencies can be associated with epoxide, hydroxyl, carboxyl, and 
ketone groups [24, 55-57]. 
The GO-Ag spectrum exhibits a noticeable decrease in the intensity of 
the C=O stretching vibration band, indicating the strong interaction between 
AgNPs and the oxygenated groups. Additionally, the FTIR spectrum exhibits 
the appearance of a new absorption band at 1580 cm-1, which can be assigned 
to the skeletal C=C vibration of the graphene sheets, implying the reduction of 

























Figure 1.5. FTIR spectra of GO and GO-Ag nanocomposites. 
 
XPS analysis, a surface characterization technique, was employed to 
quantitatively elucidate the chemical composition and the amount of carbon-
carbon/carbon-oxygen bonding of GO and GO-Ag nanocomposites. Figure 1.6 
A presents the XPS survey spectra of both nanomaterials and exhibit peaks at 
binding energies of 287.1 eV and 533.1 eV, corresponding to C 1s and O 1s, 
respectively. After the AgNPs decoration, a new peak appeared at ~370 eV, 
which was assigned to Ag 3d. 
The high-resolution C1s spectra of GO and GO-Ag (Figure 1.6 B and C) 
shows the components that correspond to different functional groups: epoxy, 
hydroxyl, carboxyl, and non-oxygenated C rings. Spectral deconvolution curves 
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indicate three profile peaks assigned to C−C (C sp2 and Csp3, ~285 eV), C−O 
(epoxy and hydroxyl, ~287 eV), and C=O (carboxyl, ~289 eV). In comparison 
to GO, the C 1s spectrum of GO-Ag exhibited a significant decrease in the 
relative intensity of the peak corresponding to the C−O group; meanwhile, the 
relative intensity of the C−C signal was slightly increased, thus indicating the 



















Figure 1.6. (A) XPS survey spectra of GO and GO-Ag nanocomposites. High-
resolution C 1s spectra of GO (B) and GO-Ag (C). High-resolution Ag 3d 
spectrum of GO-Ag (D). 
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These differences in chemical composition between GO and GO-Ag are 
quantitatively summarized in Table 1.1. The C−C/C−O ratio in the GO-Ag 
nanocomposite increased to 1.14, indicating a major contribution of C−C 
bonding and a decrease in the oxygen-containing groups in the nanocomposite. 
However, the residual oxygenated groups on the GO-Ag nanocomposite surface 
are sufficient to maintain the colloidal stability of the nanocomposite in aqueous 
dispersion. 
 
Table 1.1. XPS spectra data of distribution of functional groups. 
 
Figure 1.6 D displays the Ag 3d core level spectrum of GO-Ag. The 
binding energies of Ag 3d3/2 and Ag 3d5/2 were 368.4 and 374.4 eV, 
respectively. The spin-orbit slitting of the 3d doublet of Ag was 6.0 eV, 
indicating the presence of metallic silver [59]. 
These results are in agreement with FTIR characterization and confirm 
that the chemical oxidation of graphite led to the formation of highly 
oxygenated GO sheets, which is consistent with the strong hydrophilic nature 
of this carbon-based nanomaterial. After decoration of the GO surface with 
AgNPs, partial reduction of GO sheets occurred together with the restoration of 
C=C bonds. Wan et al. reported that GO undergoes chemical reduction by 
sodium citrate, and their observations suggested a restoration of the -
conjugation within the graphene sheets [50], corroborating our findings. 
 Relative atomic percentage (%) (fitting of the C1s peak (eV)) 
C−C C−O C=O C−C/C−O 
GO 36.8 54.1 6.16 0.61 
GO-Ag 51.4 36.0 9.02 1.14 
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Raman spectroscopy is a powerful non-destructive technique that is 
widely used to determine the structural order and disorder of carbonaceous 
materials. This technique was applied to identify structural changes after the 
graphite oxidation and further formation of GO-Ag nanocomposites. Figure 1.7 
shows the Raman spectra of precursor graphite, GO, and GO-Ag 
nanocomposites.  
The Raman spectrum of pristine graphite exhibits a prominent G band at 
1554.6 cm-1, corresponding to the in-plane vibrations of sp2 bonded carbon 
atoms, and a very weak D band at 1355.0 cm-1 assigned to defects in the 
graphitic structure. The GO spectrum is characterized by a broader G band that 
shifted to a higher frequency of 1603 cm-1. In addition, the D band at 1350 cm-
1 grew in intensity, suggesting disorder and a reduction in the size of the in-
plane sp2 domains due to the introduction of oxygenated functional groups on 
the carbon basal plane [60]. The Raman spectrum of GO-Ag nanocomposites 
also contains both G and D bands at 1353 cm-1 and 1600 cm-1, respectively. 
Therefore, these spectra revealed significant structural changes during the 






























Figure 1.7. Raman spectra of pristine graphite, GO, and GO-Ag 
nanocomposites. 
 
The intensity ratio of the D and G bands (ID/IG) is a form to evaluate the 
degree of disorder and the average size of the sp2 domains. After the chemical 
oxidation of graphite to GO, the ID/IG ratio significantly increased from 0.04 to 
0.91 (Table 1.2). Further, the GO-Ag exhibited an ID/IG ratio of 1.09, compared 
with 0.91 for GO (Table 1.2). The ID/IG ratio is known to be inversely 
proportional to the average crystallite size in graphitic materials [61]. Thus, as 
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GO undergoes simultaneous reduction during AgNPs formation, the new 
graphitic domains are probably smaller in size than the original ones present in 
GO before reduction, leading to an increase in the ID/IG ratio [32, 60]. 
 
Table 1.2. Positions of D and G bands and ID/IG ratios of pristine graphite, GO, 
and GO-Ag nanocomposites obtained by Raman spectroscopy. 
 
AFM imaging is the most appropriate method to identify single-layer GO 
sheets. Figure 1.8 A shows a typical tapping mode AFM image of GO on freshly 
cleaved mica. GO consists of sheets with average thicknesses of 1.15 nm 
(Figure 1.8 B) and lateral dimensions of micrometers, suggesting the complete 
exfoliation of GO into single-layer or few-layer thick material. GO sheets are 
expected to be thicker than a flat pristine graphene sheet due to the presence of 
oxygenated groups on both sides of the layer [57, 62]. It is worth mentioning 
that the topography can also be affected by residual solvent and by the surface 
roughness of mica [63].  
The morphological characteristics of both GO and GO-Ag 
nanocomposites were analyzed by TEM. Typical TEM images (Figure 1.8 C 
and D) exhibit the transparent and smooth surface of the GO sheets. 




Sample D band position 
(Raman shift/cm-1) 
G band position 
(Raman shift/cm-1) 
ID/IG 
Graphite 1352.3 1580.7 0.04 
GO 1355.1 1596.7 0.91 



















Figure 1.8. (A) Tapping mode AFM image of GO. (B) Histogram of thickness 
of GO sheets (n = 40). (C and D) TEM images of GO sheets. 
 
After AgNPs functionalization, the TEM images clearly exhibit highly 
decorated GO-Ag sheets (Figure 1.9 A and B). The spherical-like AgNPs were 
well-dispersed throughout the GO sheets and were exclusively attached to the 
material surface, demonstrating the strong interaction between the AgNPs and 
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Figure 1.9. TEM images of GO-Ag nanocomposites (A-C). (D) Particle size 
distribution of AgNPs. The size distribution was calculated by counting more 
than 500 nanoparticles in several GO-Ag images, using the Image J software.  
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The preparation of metallic nanoparticles using sodium citrate as both the 
reductant and stabilizer was pioneered by Turkevich et al. [38], and some 
modified versions of this method are still widely used [39]. Moreover, sodium 
citrate is non-toxic, allowing its use in biological applications, and it is an 
excellent electron donor to reduce silver ions. In the case of GO reduction, we 
assume that citrate anions can be oxidized by GO at elevated temperatures, 
releasing electrons. Thus, GO is capable of undergoing reduction as it receives 
these electrons [50].  
Simultaneously, citrate anions can adsorb on the GO surface through 
hydrogen bonding between the functional groups present in the GO sheets and 
carboxyl and hydroxyl groups contained in sodium citrate, also serving as 
nucleation sites for the reduction of Ag+ ions and the growth of AgNPs. In other 
words, as carboxylic moieties have the ability to complex Ag+ ions and stabilize 
AgNPs, the nucleation sites might come from the ionizable carboxyl groups on 
the GO surface as well as from the carboxylic moieties of citrate anions [34, 
64]. 
Wang et al. [42] and Zhou et al. [43] reported that the formation of AgNPs 
on the GO surface might also occur spontaneously without using any reducing 
agent. In this case, GO plays the role of reducing agent: the functional groups 
on the GO surface provide nucleation sites, while the small aromatic domains 
act as electron donor sources to reduce Ag+ ions. Furthermore, the interactions 
between the Ag+ ions and the carboxylic groups are believed to be stronger than 
those with the epoxy and hydroxyl groups, with the result that the ions bind 
preferentially to carboxylic moieties [42, 64]. 
Therefore, AgNPs were anchored to the GO sheets without any prior 
functionalization, resulting in a one-step formation of GO-Ag nanocomposites. 
Sodium citrate and GO itself may have acted as electron donors to reduce Ag+ 
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ions, which in turn most likely nucleated on the carboxylic portions of both 




This chapter demonstrated the successful synthesis of GO through the 
modified Hummers method. The FTIR and XPS analysis clearly confirmed that 
the GO surface was rich in oxygen-containing functional groups such as 
hydroxyl, epoxy, and carboxyl groups. These hydrophilic GO sheets were 
capable of forming stable aqueous dispersions. The XRD pattern demonstrated 
that GO is significantly different from the precursor graphite. Additionally, 
Raman spectroscopy indicated that the chemical oxidation of graphite led to a 
defective graphitic structure. Moreover, single-layered GO sheets were 
approximately 1.15 nm thick with micrometer scale lateral dimensions and were 
found to be smooth and uniform sheets. 
We have also reported the synthesis of GO-Ag nanocomposites using 
sodium citrate as a reducing agent. This method is simple, rapid, eco-friendly, 
and linker-free. The results showed that GO sheets were found to be decorated 
with spherical AgNPs with an average diameter of 9.4 nm. The AgNPs were 
highly dispersed throughout the GO sheets and were supported on the material 
surface, with no aggregation or non-attached particles observed. FTIR and XPS 
analysis demonstrated that GO-Ag sheets contained fewer oxygen-containing 
functional groups, but still sufficient oxygen-containing groups to maintain the 
colloidal stability of the GO-Ag dispersion. 
Furthermore, our findings indicated that GO sheets were simultaneously 
reduced by sodium citrate during the formation of AgNPs, resulting in a partial 
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restoration of -conjugation within graphene sheets; thus, the citrate reduction 
of silver ions led to the partial deoxygenation of the GO sheets surface. We 
propose that the formation of GO-Ag nanocomposites is mediated by both 
sodium citrate and GO acting as electron donors to reduce Ag+ ions, and the 
oxygen-containing groups offer nucleation sites for the reduction of Ag+ ions 

























Chapter 2: Silver-graphene oxide nanocomposites as a 
promising biocidal agent against 




Antibiotic resistant bacteria are a growing global concern. In particular, 
methicillin-resistant Staphylococcus aureus (MRSA) has overcome a diverse 
range of antibiotics in the recent decades, and its dissemination has led to 
serious hospital-acquired infections worldwide [65, 66]. MRSA can spread 
easily in hospitals, health care facilities, and community environments. The 
microbial transmission occurs mostly through direct contact with wounds, 
respiratory and feeding tubes, urinary catheters, and indwelling devices [67].  
According to the World Health Organization (WHO), approximately 5-
10% of patients worldwide will experience some acquired nosocomial infection 
during hospitalization [68]. The Centers for Disease Control and Prevention has 
estimated that in the United States alone, the mortality rate due to infections can 
reach 3.1 deaths for every 9.7 hospitalized patients [69]. In Latin America, 
including countries such as Brazil and Argentina, the incidence of MRSA has 
reached 67% of all Staphylococcus aureus-related infections [70].  
MRSA is especially resistant towards -lactam antibiotics (penicillin, 
cephalosporin, and carbapenems) [71], and its mechanism of drug resistance is 
mediated by the production of -lactamase enzymes and the mecA gene, which 
encodes the penicillin-binding protein PBP2a [72]. These infections cost health 
care systems billions of dollars, and the incidence of these cases is expected to 
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increase over time [73]. Thus, the emergence of antibiotic resistant bacteria 
represents a serious problem that could be overcome by the development of 
novel antimicrobial agents. 
Nanomaterials are an alternative approach to treat and mitigate infections 
caused by resistant bacteria. Microbial cells are unlikely to develop resistance 
to nanomaterials because they exert toxicity through different mechanisms than 
conventional antibiotics. Thus, antimicrobial nanomaterials such as zinc oxide, 
titanium oxide, and single-walled carbon nanotubes may offer several 
advantages due to their unique physicochemical properties and high surface 
area [74]. 
Specifically, graphene-based nanomaterials have attracted a great deal of 
attention as excellent platforms to anchor silver nanoparticles (AgNPs) to 
produce nanocomposites with antibacterial properties [35, 45-48, 75, 76]. 
AgNPs are widely known due to their outstanding antimicrobial toxicity 
compared with their bulk counterparts [77]. However, AgNPs exhibit a strong 
tendency to aggregate in aqueous solutions, leading to decrease in biocidal 
activity [77]. 
Although the use of stabilizers such as surfactants can maintain the 
colloidal stability of AgNPs, these stabilizers can also hinder the surface 
oxidation of the particles. As a result, the decreased Ag+ ion release may lead 
to a reduced toxicity to bacterial cells [78]. Therefore, these distinct and 
attractive features make GO an appealing platform on which to construct novel 
antibacterial nanocomposites. GO sheets act as support layers to stabilize 
AgNPs and prevent their aggregation, allowing for a more controlled release of 





This chapter reports the assessment of the antibacterial properties of the 
previously prepared GO and GO-Ag nanocomposites. We also report the 
synthesis and a brief physicochemical characterization of isolated AgNPs with 
the aim of comparing their antibacterial activity to that of the GO-Ag 
nanocomposites.  
In addition, we report the antibacterial kinetics of GO and GO-Ag 
nanocomposites against E. coli and MRSA bacteria. We also demonstrate the 
morphological changes in E. coli and MRSA cells after direct contact with GO-




3.1. Synthesis and characterization of silver nanoparticles 
(AgNPs) 
 
The AgNPs were produced by the Turkevich method using sodium citrate 
as the reducing/stabilizing agent. First, 8.4 mg AgNO3 was dissolved in 40 mL 
DI water. This solution was transferred to a two-neck round-bottom flask and 
heated at reflux. As soon as the solution began to boil, 10 mL 1.0 x 10-3 mol L-
1 sodium citrate solution was added dropwise. The reaction was maintained for 
30 min at 130 °C. The color of the solution slowly turned yellow-green, 
indicating the formation of the AgNPs. The AgNPs were dialyzed for a few 
hours to remove residual salts (Fisherbrand dialysis tubing 12,000-14,000 Da) 
and stored in a sealed vessel protected from light.  
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The formation of the AgNPs was confirmed through the plasmon 
absorption band by UV-vis spectroscopy (Shimadzu UV-1650PC 
spectrometer), and the morphology of the AgNPs was observed by TEM using 
a Zeiss LIBRA 120 microscope coupled to an Omega Filter-spectrometer with 
an accelerating voltage of 120 kV. The sample was prepared by placing a 100 
µg mL-1 AgNPs dispersion onto a copper grid (300 mesh). 
 
3.2. Evaluation of the antibacterial activity of GO and GO-Ag 
nanocomposites: minimal inhibitory concentration (MIC) and 
minimal bactericidal concentration (MBC) 
 
The antibacterial activity of GO and GO-Ag was evaluated by 
microdilution assay, as described by the Clinical and Laboratory Standards 
Institute (CLSI) [79]. To determine the minimal inhibitory concentration (MIC) 
and minimal bactericidal concentration (MBC), Gram-positive strains including 
Staphylococcus aureus N315 (MRSA), kindly provided by Prof. Dr. Keiichi 
Hiramatsu (Department of Bacteriology, Faculty of Medicine, Juntendo 
University, Tokyo, Japan) [80], Staphylococcus aureus ATCC 29213 (standard 
CLSI), and Enterococcus faecalis (ATCC 29212); and the Gram-negative 
strains Escherichia coli (ATCC 25922) and Acinetobacter baumannii (ATCC 
19606), both kindly provided by the Oswaldo Cruz Foundation (Fiocruz, Rio 
de Janeiro, Brazil), Salmonella enterica Typhimurium LT2, and Pseudomonas 
aeruginosa (ATCC 27853) were used as model microorganisms. 
To determine the MIC, the strains were cultivated in Mueller-Hinton 
(Difco) plates incubated at 37 °C for 24 h to obtain isolated colonies. The cells 
were solubilized in a saline solution (NaCl, 0.85% w/v) and the optical density 
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(OD600nm) was adjusted to 0.5, according to the MacFarland scale (1.5 x 10
8 
CFU mL-1 (colony-forming units per milliliter)). The bacterial suspensions were 
diluted in Mueller-Hinton broth and distributed in a 96-well plate to obtain a 
cell concentration of 1.0 x 105 CFU/well. Each well was exposed to different 
concentrations of GO and GO-Ag nanomaterials. The plates were incubated at 
37 °C for 18 h. After incubation, the bacterial growth was evaluated by 
measuring the optical density at 595 nm. To determine the MBC values, the 
well-plates were incubated under the same conditions for 24 h. Then, the 
bacterial suspension in each well was collected and plated on Mueller-Hinton 
Petri dishes. The Mueller-Hinton plates were incubated at 37 °C and the 
bacterial growth was observed after 24 h. 
 
3.3. Time-kill curves experiment 
 
To evaluate the antibacterial activity of GO-Ag nanocomposites as a 
function of time, we carried out time-kill experiments. MRSA and E. coli ATCC 
25922 (standard CLSI) were used as model microorganisms. 
The bacteria cultivation was performed as previously described for the 
MIC experiments. MRSA and E. coli were exposed to GO-Ag concentrations 
equivalent to their MIC, which were both 15 µg mL-1. The bacterial suspensions 
were then incubated in a rotatory shaker at 37 °C and 200 rpm. A 100 µL aliquot 
of the bacterial suspension was withdrawn in distinct incubation times (0, 2, 4, 
6, 8, 10, 12, and 24 h) from each cavity and serially diluted (1:10) in saline 
solution (0.85% w/v). Next, 25 μL of these dilutions were plated on Mueller-
Hinton medium and incubated at 37 °C for 12 h. The number of bacterial 
colonies was counted and expressed in CFU mL-1. For the negative control, no 
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biocidal GO-Ag nanocomposite was added. Another control was performed 
using the GO sample at the same concentration used for the GO-Ag 
nanocomposite. All the tests were carried out in triplicate. 
 
3.4. Bacterial morphological evaluation by TEM of E. coli and 
MRSA cells treated and untreated with GO-Ag 
nanocomposites 
 
Initially, the bacteria were cultivated in the same way as described in the 
MIC experiments. The bacterial suspensions were diluted in Mueller-Hinton 
broth at a density of 1.0 x 105 CFU mL-1 and incubated for 3 h. Then, each strain 
was treated with the MIC concentration of the GO-Ag nanocomposite for 2 h. 
For the negative controls, no GO-Ag was added (untreated samples). One hour 
later, the suspensions were centrifuged for 10 min, and bacterial cells were 
collected and fixed with 3% glutaraldehyde solution (pH 7.4) for 2 h. The 
samples were centrifuged once more, and the cell pellets were washed three 
times with 0.1 mol L-1 phosphate-buffered saline (PBS, pH 7.4) solution. The 
cells were treated with 1% osmium tetroxide (OsO4) for 1 h, followed by 
washing twice with a PBS solution. After fixation, the cells were concentrated 
by centrifugation and mixed with a few drops of a 1.5% agarose solution. 
Subsequently, the cells were dehydrated with increasing concentrations of 
ethanol: 50%, 70%, and 90% for 15 min each. To remove the residual ethanol, 
the cell pellet was treated with a mixture of ethanol/polypropylene oxide (1:1) 
for 15 min, followed by pure polypropylene oxide for 15 min, polypropylene 
oxide/resin (1:1) for 4 h, and pure epoxy resin (Epon Resin 812, Electron 
Microscopy Science) overnight.  
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Cells were embedded in epoxy resin for 72 h and placed in an oven to 
induce polymerization. After trimming, the material was cut in approximately 
0.5 μm thick and 600 nm ultrathin sections, using an ultramicrotome. The 
sections were stained with 4% uranyl acetate for 30 min and 0.3% lead citrate 
for 3 min, and then transferred to uncoated copper grids and examined in a Zeiss 
LEO 902 transmission electron microscope operating at an accelerating voltage 






















4. Results and Discussion 
 
4.1. Characterization of the AgNPs 
 
The GO and GO-Ag nanocomposites used in the antibacterial activity 
assays were previously synthesized and characterized as described in Chapter 
1. Citrate-AgNPs were synthesized with the aim of comparing the biological 
properties of these nanomaterials. 
The UV-vis spectrum of citrate-AgNPs (Figure 2.1) exhibited a band at 












Figure 2.1. UV-vis absorption spectrum of citrate-AgNPs.  
 
The morphological characteristics of citrate-AgNPs were analyzed by 
TEM. Typical TEM images (Figure 2.2 A and B) exhibited spherical-like 
AgNPs. Figure 2.2 C shows the size distribution of AgNPs. The average size of 
41 
these nanoparticles was found to be 11.1 ± 6.8 nm. As seen in Figure 2.2 C, 
most of the AgNPs formed were very small, measuring from 5 to 20 nm, similar 
in size and shape to the AgNPs anchored to the GO sheets. We can also observe 





















Figure 2.2. (A) and (B) TEM images of isolated citrate-AgNPs. (C) Particle size 
distribution of AgNPs. The size distribution was calculated by counting more 
than 500 nanoparticles in several AgNPs images, using the Image J software. 
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4.2. Antibacterial activity of GO and GO-Ag: MIC, MBC, and 
time-kill curves 
 
The antimicrobial properties of GO and GO-Ag nanocomposites were 
investigated against Gram-negative and Gram-positive bacteria. The MIC and 
MBC values for several bacteria strains can be seen in Table 2.1. Surprisingly, 
the MIC of GO-Ag for MRSA was 15 µg mL-1, slightly lower than the 30 µg 
mL-1 observed for non-MR S. aureus and E. faecalis. In addition, the MIC of 
GO-Ag for MRSA was lower than the value of 31 µg mL-1 determined for the 
commonly used antibiotic oxacillin (Table 2.2). The Gram-negative A. 
baumannii exhibited the lowest MIC (6 µg mL-1).  
 
Table 2.1. Values of minimal inhibitory concentration (MIC) and minimal 
bactericidal concentration (MBC) for GO and GO-Ag against Gram-positive 
and Gram-negative bacteria.  
 
These findings are noteworthy because these bacteria are common 
nosocomial pathogens responsible for hospital-acquired infections [67]. We did 
Strain 
MIC (µg mL-1) MBC (µg mL-1) MBC/MIC 
GO GO-Ag GO GO-Ag GO-Ag 
Staphylococcus aureus N315 (MRSA)  >60 15 - 30 2 
Staphylococcus aureus ATCC 29213 >60 30 - 30 2 
Enterococcus faecalis ATCC 29212 >60 30 - 60 2 
Escherichia coli ATCC 25922 >60 15 - 30 2 
Acinetobacter baumannii ATCC 19606 >60 6 - 15 2.5 
Salmonella enterica Typhimurium LT2 >60 30 - 60 2 
Pseudomonas aeruginosa ATCC 27853 >60 15 - 30 2 
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not observe a logical correlation between the MIC and MBC values of Gram-
positive and Gram-negative bacteria, despite the fact the MBC/MIC ratios 
indicate that rather than a bacteriostatic effect, GO-Ag exhibits a strong 
bactericidal activity. Furthermore, no toxicity was observed for pristine GO, 
regardless of its concentration. It is also worth mentioning that pristine citrate-
stabilized AgNPs exhibited MIC >80 µg mL-1 (Table 2.2). As a result, MIC and 
MBC values were not determined for pure GO and AgNPs samples.  
 
Table 2.2. Values of MIC and MBC for oxacillin and citrate-AgNPs against 
MRSA and E. coli as model microorganisms. 
 
There is a lack of data available regarding the antibacterial activity of 
silver-based graphene nanocomposites towards multidrug resistant bacteria, 
specifically MRSA. Thus, antimicrobial nanomaterials are unlikely to select for 
pathogen resistance by multiple mechanisms, making them a promising 
alternative to overcome infectious diseases [74]. In particular, silver has been 
used as an antimicrobial agent since ancient times, and AgNPs have emerged 
due to their minimal risk to human health and their enhanced effectiveness 
against several microorganisms, resulting from their high surface area [73, 74, 
81]. In addition, graphene-based materials are biocompatible, enabling their use 
as novel antimicrobial platforms [82, 83].  
The MIC of 15 µg mL-1 for GO-Ag against MRSA cannot be compared 
with other results from the literature as the toxicity of graphene nanocomposites 
Sample 
MRSA N315  E. coli ATCC 25922 
MIC (µg mL-1) MBC (µg mL-1)  MIC (µg mL-1) MBC (µg mL-1) 
Oxacillin 31 62  500 2000 
AgNPs >80 -  >80 - 
44 
to this specific bacterial strain has not yet been reported in the literature. 
However, previous findings regarding pristine AgNPs have exhibited higher or 
similar values. Ayala-Núñez et al. [84] reported a MIC value of 1.8 mg mL-1 for 
commercially obtained AgNPs against MRSA, while Guzman et al. [85] 
prepared AgNPs varying in mean diameter from 9 nm to 30 nm and found MIC 
values against MRSA ranging from 14.4 µg mL-1 to 260 µg mL-1. Hybrid 
particles composed of silver and titanium (TiO2-Ag) with TiO2/Ag molar ratios 
of 10:1 and 50:1 exhibited MIC >100 µg mL-1 and 54 µg mL-1, respectively 
[86].  
GO-Ag nanocomposites have exhibited a broad-spectrum of antibacterial 
activity, inactivating both Gram-negative and Gram-positive bacterial strains. 
In comparison to previous studies, GO-Ag exhibited enhanced antibacterial 
activity. For instance, Liu et al. [87] showed that E. coli cells were inactivated 
at a GO-Ag composite concentration of 80 µg mL-1. Xu et al. [47] prepared 
reduced graphene oxide decorated with AgNPs nanocomposites that completely 
inhibited E. coli growth at a concentration of 12.5 µg mL-1. Shen et al. [75] 
demonstrated that an Ag-chemically converted graphene nanocomposite 
destroyed Colibacillus, S. aureus, and Candida albicans cells at a concentration 
of 50 µg mL-1.  
The GO-Ag prepared here demonstrated almost the same toxic effects 
against both MRSA and non-MR S. aureus, indicating that the antibacterial 
efficacy of GO-Ag was not affected by the drug-resistant mechanisms of 
MRSA. Therefore, this nanocomposite does not inhibit the expression of 
specific drug resistant proteins, as both MRSA and non-MR strains were 
inhibited in the same way [84]. It is also remarkable that the GO-Ag 
nanocomposites exhibited inhibitory activity towards E. faecalis and A. 
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baumannii (Table 2.1), two bacteria also frequently associated with nosocomial 
infections [88, 89]. 
Surprisingly, pristine citrate-stabilized AgNPs were not inhibitory 
against MRSA at a concentration of 80 µg mL-1 (Table 2.2). This result is in 
agreement with various studies also reporting a loss of antibacterial activity for 
citrate-capped AgNPs. For instance, El-Kheshen and El-Rab [90] reported a 
MIC of 160 µg mL-1 for citrate-AgNPs, whereas polyvinyl pyrrolidone-AgNPs 
exhibited a MIC of 125 µg mL-1 against the same E. coli strain. Taner et al. [91] 
found that citrate-AgNPs did not inhibit E. coli cells at a concentration of 150 
µg mL-1, while silver-copper nanoalloys exhibited a MIC of 0.5 µg mL-1. Borah 
et al. [92] reported citrate-AgNPs MIC values of 60 and 80 mg mL-1 against 
multidrug resistant S. aureus and Bacillus megaterium hospital-isolated strains, 
respectively. 
To investigate the antibacterial kinetics of GO and GO-Ag 
nanocomposites, we conducted time-kill experiments using E. coli and MRSA 
as Gram-negative and Gram-positive model bacteria, respectively (Figures 2.3 
A and B). The time-kill curves for GO exhibited a similar trend compared to the 
control curve, which proves that GO did not display toxicity to the bacterial 
strains. This result is in agreement with the MIC experiment reported earlier. In 
contrast, the time kill-curves show an effective antimicrobial effect for the GO-
Ag sample at the MIC concentrations (15 µg mL-1 for both cultures). A 
significant decrease in cellular viability was observed after 2 and 4 h contact 
with E. coli and MRSA cells, respectively.  
In comparison to pristine GO, GO-Ag nanocomposites showed a 
remarkable enhancement in antibacterial activity. For example, the inactivation 
of E. coli and MRSA cells by GO-Ag was 5-fold higher compared to the GO 
sample after 2 and 4 h of exposure, respectively. Hence, the time-kill curves 
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demonstrated the ability of GO-Ag to rapidly kill bacteria cells at a very low 
concentration. These results suggest the potential application of GO-Ag as an 
outstanding antimicrobial agent for the inactivation of relevant clinical 










Figure 2.3. Time-kill curves of (A) Gram-negative E. coli ATCC 25922 and (B) 
Gram-positive MRSA N315. Error bars represent the standard deviations of 
three replicates (n = 3). 
 
The antibacterial kinetics of GO-Ag against MRSA and E. coli were very 
similar, except for the fact that E. coli cells underwent a more rapid inactivation 
by GO-Ag nanocomposites. E. coli cells were found to be completely 
inactivated by GO-Ag approximately 2 h earlier than MRSA cells. This 
observation can be related to differences in the cellular wall of Gram-negative 
and Gram-positive bacteria. The Gram-positive MRSA has a thicker 
peptidoglycan layer that provides improved physical protection from the 
biocidal effects of GO-Ag nanocomposite [53].  
Despite the widely known bactericidal activity of AgNPs, the toxicity of 
GO sheets to bacteria remains controversial and not fully understood [45, 82, 
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83, 87, 93, 94]. The questionable results can be related to the distinctive 
physicochemical properties of each graphene-based sample such as surface 
area, degree of oxidation, thickness and lateral dimensions of the sheets, carbon 
precursor source, and purity [95]. In this study, GO itself did not demonstrate 
antibacterial activity, in agreement with Faria et al. [35].  
Although GO did not display toxicity to the bacterial strain, GO sheets 
perform an important role as a supporting material for AgNPs anchoring, 
stabilizing these particles, preventing them from aggregating, and ensuring their 
high surface reactivity [35]. Therefore, the lack of antibacterial activity found 
for pristine GO and citrate-AgNPs over equivalent concentration ranges of GO-
Ag nanocomposites has proven that the antibacterial activity of GO-Ag may 
result from a synergistic effect between GO sheets and AgNPs, which together 
provide a unique interface for bacterial interaction, thus facilitating bacterial 
contact with the GO-Ag nanocomposite [76]. Xu et al. named this synergistic 
effect the “capturing-killing process”, which facilitates the interaction between 
bacteria cells and the GO-Ag sheets [47].  
Therefore, AgNPs may make the major contribution to the antibacterial 
effect of GO-Ag, and their inhibitory effects result from a combination of 
several mechanisms. Mostly, AgNPs are able to release Ag+ ions that possess 
great affinity for the thiol groups of enzymes and proteins. These interactions 
between silver and the sulfur-containing functional groups of proteins can lead 
to losses in membrane permeability, inhibition of the respiratory chain, and the 
deactivation of essential cellular components such as DNA [96, 97]. The 
penetration of AgNPs inside the bacteria cells has also been considered a 
possible mechanism of toxicity [85, 96]. In addition, the toxic effect of AgNPs 
through the generation of reactive oxygen species (ROS) and subsequent 
oxidative stress cannot be dismissed [44, 98-100]. 
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4.3. Evaluation of the morphological integrity of E. coli and MRSA 
cells after treatment with GO-Ag 
 
The morphological changes in E. coli and MRSA cells resulting from 
exposure to GO-Ag nanocomposites were assessed by TEM. Untreated E. coli 
(Figure 2.4 A and B) and MRSA (Figure 2.5 A and B) exhibited normal rod-
shaped and round-shaped morphologies, respectively, both with intact cellular 
membranes. However, when both bacteria were treated with 15 µg mL-1 GO-
Ag, the cells lost their morphological integrity. E. coli cell walls and membranes 
were found to be partially disrupted and shrunken (Figure 2.4 C). In addition, a 
severely damaged E. coli cell exhibited leakage of its intracellular contents 
(Figure 2.4 D, arrows).  
The cellular walls and membranes of MRSA were also found to be 
disrupted (Figure 2.5 C and D). A decrease in cellular volume and an apparent 
inhibition of the cell segregation process were also observed (Figure 2.5 D, 
arrows). In general, intimate contact between the graphene sheets and the 
surface of the bacteria was observed. In fact, some bacterial cells were 
apparently wrapped by graphene sheets, likely favoring the interaction between 
the AgNPs attached to the GO and the bacterial surfaces (Figures 2.4 and 2.5, 






























Figure 2.4. TEM images of E. coli cells not exposed to GO-Ag nanocomposites 
(A and B); and E. coli cells treated with 15 µg mL-1 GO-Ag for 2 h (C and D). 
The cellular membranes were found to be disrupted and shrunken after contact 
with GO-Ag. The disruption of the bacterial cell and subsequent leaking of 

























Figure 2.5. TEM images of MRSA cells not exposed to GO-Ag nanocomposites 
(A and B); and MRSA cells treated with 15 µg mL-1 GO-Ag for 2 h (C and D). 
The cellular membranes were severely damaged after exposure to GO-Ag. 
Visible damages on cellular surface are indicated by arrows.  
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Therefore, the most likely antimicrobial mechanism of this nanomaterial 
may be the combined effect of Ag+ release and the direct contact of bacterial 
cells with the AgNPs attached to the GO surface. As observed by TEM analysis, 
GO-Ag sheets accumulate around the bacteria cell surfaces (Figures 2.4 and 2.5, 
C and D). Despite the fact that both GO-Ag and bacteria have negatively 
charged surfaces, hydrogen bonding between the oxygenated groups present on 
GO-Ag sheets and the lipid bilayer of the cell membranes facilitates direct 
contact between the GO-Ag sheets and the bacteria cells, preventing access to 
nutrients and inducing cellular death [46]. Indeed, cell walls and membranes of 
MRSA and E. coli became disordered and fragmented (Figures 2.4 and 2.5, C 
and D). The formation of pits and holes upon contact with GO-Ag 
nanocomposites might increase the cell permeability, resulting in the leakage of 


















This chapter reports the broad-spectrum antibacterial activity of GO-Ag 
nanocomposites. GO-Ag exhibited excellent antibacterial activity against 
common nosocomial bacteria such as Escherichia coli, Enterococcus faecalis, 
Acinetobacter baumannii, and a noticeable toxicity to the antibiotic resistant 
MRSA.  
Regarding the antibacterial kinetics, 100% of MRSA cells were 
inactivated after 4 h contact with GO-Ag, while E. coli cells were completely 
inactivated approximately 2 h earlier. In addition, the antibacterial activity of 
GO-Ag was found to result from a synergistic effect between GO sheets and 
AgNPs, as no toxicity was observed for pristine GO (up to 60 µg mL-1) or 
isolated citrate-AgNPs (up to 80 µg mL-1).  
TEM images demonstrated the morphological changes of E. coli and 
MRSA cells resulting from direct contact with GO-Ag nanocomposites. The 
images showed that GO-Ag sheets accumulated around the bacteria cell 
surfaces, thus leading to cell inactivation.  
To the best of our knowledge, this is the first study providing evidence 
for how GO-Ag nanocomposites interact with MRSA cells. Our results indicate 







Chapter 3: Anti-biofouling cellulose acetate membranes 
modified with silver-based graphene oxide 
nanocomposites 
 
1. Introduction  
 
Most of the microorganisms living in aquatic environments have the 
ability to attach and develop biofilm on surfaces. A biofilm is a complex 
agglomerate of cells surrounded by an extracellular polymeric matrix of 
exopolysaccharides (EPS) [102]. The biofilm structure plays an important role 
in microbial communities, because it provides a support for microbial growth, 
protection against hazardous substances, an optimal environment for the 
exchange of genetic material between cells, and sometimes a source of nutrients 
[103].  
Despite the environmental implications, biofilm formation is one the 
most challenging problems in water purification [104]. Ultrafiltration (UF) and 
microfiltration (MF) have become accepted processes in water treatment 
because of their capacity to remove microorganisms, particles, and organic 
pollutants [105, 106]. Additional advantages of ultra and microfiltration are 
their low-cost, simple maintenance, and low operation pressure [107]. However, 
due to the fact that polymeric membranes are composed by inert materials, they 
present high susceptibility to microbial colonization [108]. In addition, water is 
a natural environment for vehiculation of a great variety of microorganisms, 
colloidal particles, natural organic matter, and macromolecules such as proteins 
and sugars, which are potential candidates to adhere on membrane surfaces 
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resulting in organic fouling, colloidal fouling, and biofouling [109]. In 
particular, a single layer of adhered bacteria is able to form a complex biofilm 
on the membrane surface, thus causing a decline in water flux, higher energy 
consumption, and diminished membrane survival [105].  
Conventional strategies such as the pretreatment of the feed solution, 
extensive use of chlorine, and periodic cleaning have been applied to prevent 
microorganism to attach on the membrane surface. However, these procedures 
are not completely effective to eliminate microorganisms from water [110]. As 
a consequence, novel strategies to control biofilm development are still needed 
[111]. The modification of membranes with polymers, antibacterial 
compounds, and nanomaterials is a promising approach to incorporate 
antimicrobial activity and prevent the adherence of bacteria [111, 112]. Many 
reports have demonstrated improvements in biofouling resistance by 
incorporating biocide nanoparticles into ultra and microfiltration membranes, 
being silver one of the most common examples [113-116]. Alternatively, 
carbon-based nanomaterials have emerged as promising materials for 
membrane modification because carbon nanotubes and graphene derivatives 
have already showed toxicity against bacteria [82, 117].  
Particularly, GO possesses a great versatility for interaction with 
polymeric matrices and multiple possibilities to tune the surface chemistry 
through the attachment of metallic nanoparticles and bio-active molecules [4, 
5, 14, 118]. In the context of biological applications, GO has been 
functionalized with silver nanoparticles (AgNPs) to produce nanocomposites 
(GO-Ag) with strong antibacterial activity [119-121]. Recently, GO was shown 
to inactivate bacteria [122, 123], however other studies revealed an improved 
bacterial growth in the presence of this nanomaterial [124]. While the 
antibacterial activity of GO is still a debate question, GO-Ag nanocomposites 
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have demonstrated enhanced antibacterial properties [120, 121]. Despite the 
undeniable toxicity of AgNPs, the antibacterial activity of GO-Ag 
nanocomposites seems to be attributed to a synergetic effect originated from the 
singular interaction between AgNPs and the GO nanosheets [119, 125]. In a 
simultaneous way, AgNPs can act as a source of Ag+ ions while graphene sheets 




This chapter demonstrates the incorporation of GO and GO-Ag 
nanocomposites into cellulose acetate membranes to control bacterial 
attachment and proliferation.  
We report the fabrication of cellulose acetate membranes modified with 
GO and GO-Ag nanocomposites. The physicochemical and morphological 
properties of the modified membranes were characterized. 
We also investigated the biological properties of the cellulose acetate 
membranes modified with GO and GO-Ag nanocomposites, assessing the 
antibacterial activity against Escherichia coli and Staphylococcus aureus. The 
bacterial anti-adhesion activity of the modified membranes was evaluated 




3.1. Fabrication and characterization of cellulose acetate 
membranes modified with GO and GO-Ag nanocomposites 
(CA-GO and CA-GOAg) 
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Cellulose acetate (CA, CAS number 9004-35-7, Mn = 30,000 g mol
-1, 
Sigma-Aldrich) membranes were prepared using the wet phase-inversion 
method. First, CA was dissolved in acetone (chromatography grade, 99.5%, 
Sigma-Aldrich), and the solution was stirred at room temperature for 12 h. The 
GO and GO-Ag samples were dispersed in DI water through sonication and 
slowly added to the polymer solution. The mixture was further stirred until the 
solution became translucent. The final solution was composed of 11 wt% CA, 
67 wt% acetone, and 22 wt% water (GO or GO-Ag aqueous dispersion). The 
nanomaterials (GO and GO-Ag) were introduced to the polymer solution to 
reach 0.10, 0.25, and 0.50 wt% in relation to the polymer weight. The polymeric 
dispersion was spread over a 20 cm x 30 cm glass plate surface containing two 
200 µm thick nickel-chromium wires stretched laterally to enable the control of 
membrane thickness. The plate was immediately dipped into DI water at room 
temperature to allow membrane formation. After polymer precipitation, the 
membrane was washed three times in DI water to completely remove the 
solvent and, finally, dried at room temperature. A control was prepared by 
casting the polymeric solution without the addition of the GO or GO-Ag 
nanocomposites. 
Field emission scanning electron microscopy (FESEM) images of the 
membrane surfaces and cross-section were used to examine the membrane 
morphology with or without the addition of GO and GO-Ag nanocomposites. 
The membranes were fractured in liquid nitrogen and placed in a holder using 
a double-sided carbon adhesive tape. The samples were then sputter coated with 
gold in a Bal-Tec MD 020 instrument (Balzers). The FESEM images were taken 
using a JEOL JSM-6340F microscope operating at 3.0 kV. Samples were also 
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analyzed in a JEOL JSM-6360 LV SEM scanning electron microscope at a 20 
kV accelerating voltage equipped with an energy-dispersive spectrometer 
(EDS, NORAN System Six). The EDS spectra were obtained from free sample 
surfaces, using the standardless quantitative analysis NORAN software.  
The membrane morphology was also investigated by TEM. To obtain 
TEM images of the cross-sectional area, the CA-GOAg 0.50% membrane was 
embedded in epoxy resin, and approximately 40 nm thick ultrathin sections 
were cut perpendicular to a film plane using a Leica EM FC6 cryo-
ultramicrotome. The sections were transferred to uncoated copper grids and 
examined in a Zeiss Libra 120 transmission electron microscope operating at an 
acceleration voltage of 80 kV. 
The hydrophilicity of the membrane surfaces were estimated by water 
contact angle measurements. After dropping 5 µL of water onto the membrane 
surface, the contact angle was recorded automatically using a KRÜSS 
EasyDrop drop shape analyzer instrument. The reported contact angle results 
for CA, CA-GO, and CA-GOAg membranes were an average of 5 
measurements at different membrane surface points.  
TGA analysis was conducted to determine the thermal stability of the 
membranes. The analyses were performed using a thermogravimetric analyzer 
(TA Instruments SDTQ600) under nitrogen atmosphere in the temperature 
range from 25 to 800 °C with a 10 °C min-1 heating rate. The thermal properties 
of the membranes were also characterized by differential scanning calorimetry 
(DSC) using a TA Instruments DSC-Q100 calorimeter operating at a 10 ° min-
1 heating rate under argon flow (50 mL min-1). The thermal curves were obtained 
by the following procedure: heating from 25 to 250 °C at 20 °C min-1, isotherm 
for 2 min, cooling to 25 °C at 10 ° min-1, isotherm for 2 min, and heating to 250 
°C at 10 ° min-1.  
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To quantify the release of silver, the CA-GOAg membranes were cut into 
1 cm2 coupons. Subsequently, five pieces of the membrane coupons were 
transferred to Erlenmeyer flasks containing 30 mL of sterile DI water. The 
flasks were incubated at 30 °C and 100 rpm for 12 h. The silver released in 
suspension was quantified by ICP-OES (Perkin Elmer OPTIMA 3000 DV); the 
values were expressed in ppm (parts per million).  
The filtration performances of membranes were carried out using a cross-
flow filtration setup at a constant pressure of 7 bar. Water permeability was 
determined at room temperature from a water flux measurement obtained by 
evaluating the volume of water permeated in regular intervals of time.  
 
3.2. Biological properties 
 
3.2.1.Antibacterial activity of GO and GO-Ag nanocomposites 
 
The antibacterial activity of GO and GO-Ag nanocomposites was first 
evaluated against Staphylococcus aureus ATCC 1901 and Escherichia coli 
ATCC 8739. The bacterial strains were cultivated onto brain-heart infusion 
(BHI, Difco) plates and incubated at 37 °C for 24 h. The cells were transferred 
to tubes containing peptone water (0.1% w/v) to reach a concentration of 1.0 x 
106 CFU mL-1. The bacterial suspension was transferred to Erlenmeyer flasks 
containing GO and GO-Ag nanocomposites (10 µg mL-1) dispersed in 10 mL 
of peptone water. The flasks were incubated in a rotatory shaker at 37 °C and 
100 rpm for 2 h. Aliquots from the supernatant were withdrawn, sequentially 
diluted, and plated onto BHI plates. The plates were incubated overnight at 37 
°C and the colonies that grew were counted. The number of cells was expressed 
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in CFU mL-1. A flask containing only the bacteria in peptone water (without the 
addition of GO or GO-Ag) was evaluated as a control. The final result was 
expressed as the percentage of reduction in the CFU mL-1 value when compared 
to the control, which was not exposed to the nanomaterials. 
 
3.2.2.Antibacterial activity of CA-GO and CA-GOAg 
membranes 
 
The initial antibacterial activity of the CA-GO and CA-GOAg 
membranes was assessed using the counting plate method. For this, 
Staphylococcus aureus ATCC 1901 and Escherichia coli ATCC 8739 bacteria 
strains were inoculated in BHI plates and incubated at 37 °C for 24 h. The cells 
were transferred to tubes containing saline solution (NaCl, 0.9% w/v) to reach 
a concentration of 106-108 CFU mL-1. Bacterial aliquots (300 µL) were 
transferred to Erlenmeyer flasks containing 30 mL of Minimal Davis Medium 
(0.7 g L-1 K2HPO4, 0.2 g L
-1 KH2PO4, 1 g L
-1 (NH4)2SO4, 0.5 g L
-1 Na3C6H5O7, 
and 0.1 g L-1 MgSO4·7H2O) and five coupons of the membranes measuring 1 x 
1 cm. Both CA-GO and CA-GOAg membranes were evaluated. Flasks 
containing pure CA membranes (without any nanomaterials) were used as a 
control. The flasks were incubated in a rotatory shaker at 37 °C and 100 rpm for 
12 h. Aliquots were withdrawn, serially diluted with saline solution (NaCl, 0.9% 
w/v), and inoculated onto BHI plates. The Petri dishes were incubated at 37 °C 
for 12 h. The results were expressed as the percentage of inactivated cells 
compared to that of the negative control containing the CA membranes. All of 
the tests were carried out in triplicate. 
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3.2.3.Anti-adhesion activity of CA, CA-GO, and CA-GOAg 
membranes 
 
The resistance to bacterial adhesion was studied using E. coli as a model 
microorganism. An aliquot of 100 µL of the bacterial suspension (prepared as 
described in the previous section) was introduced in Erlenmeyer flasks 
containing 30 mL of BHI medium and a 4 cm2 coupon of the CA, CA-GO or 
CA-GOAg membranes. The flasks were incubated at 37 °C and stirred at 100 
rpm for 12 h. The membrane coupons were withdrawn from the medium and 
rinsed gently with 2.0 mL of sterile saline solution (NaCl, 0.9% w/v) to remove 
excess of non-adhered cells.  
To measure the number of cells attached to the membrane, the coupons 
were transferred to Erlenmeyer flasks containing 10 mL of sterile saline solution 
(NaCl, 0.9% w/v). The flasks were gently bath sonicated for 20 min to disrupt 
the attached cells from the membrane surface. Aliquots were withdrawn directly 
from the supernatant, sequentially diluted, and plated onto BHI agar. The plates 
were incubated overnight at 37 °C, and the grown colonies were counted; the 
results were expressed in CFU mL-1.  
The final results were plotted in terms of the percentage of inhibition of 
adhered cells: inhibition of adhered cells (%) = n/N×100, where n is the number 
of bacterial cells (CFU mL-1) on the CA-GO and CA-GOAg membranes, and N 
is the CFU mL-1 value of the control (CA membranes with no addition of GO 





4. Results and Discussion 
 
4.1. Characterization of CA-GO and CA-GOAg membranes 
 
The GO and GO-Ag nanocomposites used to fabricate the modified 
cellulose acetate membranes were previously synthetized and characterized as 
described in Chapter 1. 
The composite membranes were prepared by the incorporation of GO and 
GO-Ag nanocomposites in cellulose acetate (CA) and these samples were 
denoted as CA-GO and CA-GOAg, respectively. Figure 3.1 shows the digital 
photographs of the CA, CA-GO, and CA-GOAg membranes. The pure CA 
membrane displayed a white color (Figure 3.1 A), while the addition of GO 
(0.10, 0.25, and 0.50 wt%) resulted in light-brown CA-GO membranes (Figures 
3.1 B-D). Similarly, the incorporation of GO-Ag nanocomposites at 0.10, 0.25, 









Figure 3.1. Digital photographs of the (A) cellulose acetate (CA)-control, (B) 
CA-GO 0.10%, (C) CA-GO 0.25%, (D) CA-GO 0.50%, E CA-GOAg 0.10%, 
(F) CA-GOAg 0.25%, and (G) CA-GOAg 0.50% membranes. 
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The thermal stability of CA, CA-GO, and CA-GOAg membranes was 
investigated by TGA analysis. The TGA curves (Figure 3.2 A) display a one-
step thermal decomposition. The mass loss from approximately 260 to 425 °C 
is related to the loss of acetyl groups and cellulosic chains [126]. Thus, the TGA 
curves for the CA-GO and CA-GOAg membranes did not show a significant 
difference compared to the pure CA membrane. These results suggest that the 
thermal decomposition of the pure CA membranes was not affected by the 
incorporation of GO and GO-Ag nanocomposites. The thermal events are best 
viewed in Figure 3.2 B, which shows the derivative thermogravimetric (DTG) 
curves. Usually, TGA analysis is also applied to estimate the content of silver 
in nanocomposites. However, we were not able to establish a reasonable 











Figure 3.2. TGA (A) and (B) DTG curves for pure CA, CA-GO, and CA-GOAg 




The glass transition temperatures (Tg) of the membranes were 
characterized by DSC analysis, and the obtained values are shown in Table 3.1. 
The relatively high Tg value for CA (control) results from the formation of 
complex molecular associations that depend on the strength and amount of intra 
and intermolecular interactions between CA chains. The Tg values for the CA-
GO and CA-GOAg membranes were lower than those of the pure CA 
membrane. This decrease in Tg for the composite membranes can be attributed 
to the enhanced segmental motion of the polymer backbones, indicating that the 
addition of graphene materials restricts CA association [127]. 
 
Table 3.1. Glass transition temperature (Tg), contact angle, and water flux of CA 
membranes modified with various contents of GO and GO-Ag nanocomposites 
(0.10, 0.25, and 0.50 wt%). The numbers in parentheses represent the standard 
deviation of contact angle and water flux for n = 3. 
ND*: not determined at 7 bar pressure 
 
The hydrophilicity of the membrane surface was evaluated by water 
contact angle measurements, and the results are also shown in Table 3.1. The 
measurements were performed under static conditions by dropping 5 µL of 
Sample Tg (°C) Contact angle (°) Water flux (L m-2 h-1) 
CA control 189 66.5 (2.5) 570 (210) 
CA-GO 0.10% 184 62.9 (5.0) 340 (140) 
CA-GO 0.25% 182 66.5 (1.2) ND* 
CA-GO 0.50% 182 64.6 (1.4) ND* 
CA-GOAg 0.10% 181 67.0 (0.5) 230 (140) 
CA-GOAg 0.25% 188 66.5 (3.2) 95 (40) 
CA-GOAg 0.50% 184 66.5 (0.4) 100 (70) 
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water on the membrane surface. As observed in Table 3.1, no significant 
differences were detected after the incorporation of GO and GO-Ag 
nanocomposites in the polymeric matrix. In contrast to our results, a decrease 
in the contact angle was previously reported for polysulfone (PSf) and 
polyethersulfone (PES) membranes functionalized with GO [128, 129]. A 
decrease from 81 to 47º in the contact angle was also observed for thin-film 
composite (TFC) membranes that had only their surfaces modified by GO 
[110]. Our results indicate that the hydrophilicity of the surface was not affected 
by the modification of CA membranes with GO and GO-Ag nanocomposites, 
suggesting that the nanomaterials are not available on the surface, but are 
instead preferentially dispersed within the polymeric matrix. 
The water flux through the CA, CA-GO, and CA-GOAg membranes was 
determined using the following equation: 
 
𝐽 =  
𝑉𝑝
𝐴 𝑡 
,                                                                                                         (3.1) 
 
where J is the water flux (L m-2 h-1), Vp is the permeate volume (L), A is the 
membrane area (m2), and t is the filtration time.  
The values are summarized in Table 3.1. In general, the incorporation of 
GO and GO-Ag decreased the filtration performance of the membranes. For 
example, the water flux of CA membranes was decreased from 570 ± 210 to 
100 ± 70 L m-2 h-1 after modification with GO-Ag (0.50 wt%) (Table 3.1). 
Although a number of studies have reported that the incorporation of GO 
improves water permeability [130-133], our findings are in agreement with the 
results reported by Yu et al. [129]. The authors demonstrated that PSf 
membranes blended with a hyperbranched polyethyleneimine (HPEI) modified 
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GO (HPEI-GO) presented a lower water flux compared to pure PSf membranes 
[129]. When the GO content in the polymer dispersion reached 5 wt%, the water 
flux of the hybrid membrane was reduced by approximately 23%. A decrease 
in water flux was also observed for PSf membranes loaded with 2.6 wt% GO 
[128]. The presence of the graphene-based materials may increase the casting 
solution viscosity, resulting in a delayed phase separation and, consequently, a 
reduction in porosity [129]. 
It is worth to note that even though the water permeability of CA-GOAg 
membranes was decreased in comparison to the non-modified control, these 
membranes displayed an equivalent or even higher water flux than other CA 
membranes described in the literature [134, 135]. For instance, CA membranes 
functionalized with 10 wt% SiO2 nanoparticles showed a water flux of 35 L m
-
2 h-1 at 3.4 bar pressure [135]. In addition, CA/polyethylene glycol (CA/PEG-1) 
membranes revealed a maximum water flux of 0.35 L m-2 h-1 [134].  
These observations indicate that despite the changes in water 
permeability between the composite and pristine CA membranes, the 
performance of CA-GOAg membranes is still compatible and sometimes better 
than other membranes fabricated from similar polymer matrices. In spite of any 
alteration in performance, the remaining water flux still makes CA-GOAg 
membranes completely eligible for application in water purification processes. 
The morphological structures of the CA, CAGO 0.50%, and CA-GOAg 
0.50% membranes were investigated by FESEM in conjunction with energy 
dispersive X-ray spectroscopy (EDS) (Figure 3.3). The images were obtained 
from the membrane surfaces and cross-sectional areas. No significant 
differences in the top surface morphology of the CA, CA-GO, and CA-GOAg 
membranes were observed through the FESEM images (Figures 3.3 A-C). 
Additionally, the presence of asymmetric finger-like and sponge-like structures 
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was detected in the cross-sectional images of the CA membranes (Figure 3.3 
D). However, the sponge-like structure was predominant in the CA-GO and 
CA-GOAg membranes (Figures 3.3 E and F). This change in the membrane 
cross-sectional morphology results from the barrier characteristic of the 
graphene oxide sheets introduced into the polymer matrix. During membrane 
formation, these graphene oxide sheets could disturb the solvent and non-
solvent exchange through the polymer solution, hindering the formation of the 
finger-like structures. A loss of the finger-like structures was also previously 
noticed [136]. The authors reported that the porous structure of polyethersulfone 
(PES) enwrapped with GO became gradually more compact with increasing GO 
concentration [136]. Therefore, the changes in the porous morphology after the 
addition of GO and GO-Ag could be responsible for the decreased water flux 
































Figure 3.3. FESEM micrographs of CA-control (A and D), CA-GO 0.50% (B 
and E), and CA-GOAg 0.50% membranes (C and F): surface (A-C) and cross-
section (D-F). The graphic represents the EDS spectra of the CA-GOAg 0.50% 
membrane, showing the qualitative presence of silver (G). 
 
The AgNPs attached to the GO sheets were not visualized by FESEM 
images. However, the EDS spectrum of the membrane top surface revealed a 
peak at 3.0 keV, indicating the qualitative presence of silver in the CA-GOAg 
0.50% membrane (Figure 3.3 G). The detection of silver on the surface is crucial 
because the membrane surface is where the bacterial deposition may occur.  
68 
In addition to the EDS results, ultrathin films of the cross-sectional area 
of the CA-GOAg 0.50% membrane were analyzed by TEM. The TEM images 
enabled the identification of GO-Ag sheets dispersed into the polymeric matrix 
(Figure 3.4). The yellow arrows show the GO nanosheets and the AgNPs (black 
dots) attached to the nanomaterial. Due to the porous structure of the membrane, 
the GO-Ag sheets might be partially exposed at the porous surface, conferring 












Figure 3.4. TEM images from ultrathin sections of the CA-GOAg 0.50%, 
showing the presence of the GO-Ag nanocomposites into the polymeric matrix. 
The yellow arrows indicate the AgNPs supported on GO sheets. 
 
The GO-Ag nanocomposites preparation and the procedure for 
















Figure 3.5. Scheme illustrating the preparation of GO sheets functionalized with 
AgNPs and their incorporation into the CA matrix for fabrication of composite 
membranes through the phase inversion method. 
 
4.2. Biological properties 
 
4.2.1. Antibacterial activity of GO and GO-Ag nanocomposites 
 
The antibacterial activity of GO and GO-Ag nanocomposites was 
investigated against E. coli and S. aureus. The GO and GO-Ag samples were 
added to the bacterial suspensions, and both systems were kept in contact for 2 
h. After exposure, an aliquot of the supernatant was diluted and spread over BHI 
plates. The toxicity of GO and GO-Ag nanocomposites is presented in Figure 
3.6. For example, more than 95% of E. coli cells were inactivated after contact 
with GO-Ag nanocomposites in aqueous suspension (Figure 3.6 A). However, 
only 60% of the S. aureus cells were killed at a GO-Ag concentration of 10 µg 
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mL-1 after 2 h of exposure. These results are due to differences in the cell wall 
structures between Gram-negative and Gram-positive bacteria. As the cellular 
wall is thicker in Gram-positive than in Gram-negative bacteria, the S. aureus 
strain might offer more resistance against the action of the GO-Ag 
nanocomposites compared to E. coli. The inhibition of most E. coli cells at a 
GO-Ag nanocomposite concentration of 100 µg mL-1 was previously reported 
[119]. Moreover, the complete elimination of E. coli cells after exposure to 12.5 











Figure 3.6. Antibacterial activity of GO and GO-Ag nanocomposites (10 µg 
mL-1) against (A) E. coli and (B) S. aureus after exposure of the bacterial cells 
to the nanomaterials for 2 h. The loss of viability was calculated using a 
suspension without added nanomaterials as a control. 
 
When GO is conjugated with AgNPs, the inactivation effect seems to be 
attributed to the presence of both materials (AgNPs and GO). Once the surface 
of the AgNPs is oxidized, Ag+ ions can be released from the GO-Ag 
nanocomposites, thus inactivating bacterial cells in suspension. However, if the 
71 
bacteria are able to deposit onto GO-Ag nanocomposite sheets, the cells may 
interact directly with the AgNPs anchored on the GO surface. As previously 
mentioned, the antibacterial effect of Ag@rGO nanocomposites might be 
induced by a process termed “capturing-killing”, contributing to the deposition 
of bacteria and increasing contact between the cells and the AgNPs [137]. In 
this case, GO would act as a support layer to immobilize the bacterial cells, 
allowing the effective interaction between microorganisms and the AgNPs. 
Consequently, AgNPs could attach to the thiol groups (-SH) of enzymes and 
proteins on the cellular surface, causing the destabilization of the membrane and 
consequent breaking down of the ATP synthetic route [138]. Therefore, the 
adhesion of AgNPs on the bacterial surface can also produce holes in the 
membrane and bacteria wall, providing to Ag+ ions an easy access to the internal 
cellular components including DNA molecules. 
Even though several reports have demonstrated no bacterial toxicity for 
GO sample, GO in this assay was able to inhibit S. aureus cells at a ratio of 20% 
(Figure 3.6 B). However, less than 10% of E. coli cells were inactivated after 
contact with the GO sample in suspension (Figure 3.6 A). Surprisingly, GO was 
found to be more toxic against S. aureus than E. coli, which is a Gram-negative 
bacterium. This phenomenon is quite unusual because the cellular wall is 
thicker in Gram-positive than in Gram-negative microorganisms. However, 
although E. coli has a thinner layer of peptidoglycan, it possesses an additional 
cellular layer referred to as an outer membrane. It was also previously reported 
that the direct contact of bacteria with GO nanowalls resulted in a higher 
toxicity for Gram-positive S. aureus than the toxicity for Gram-negative E. coli, 
which has the outer membrane [82]. Even though the results related to GO 
toxicity are controversial and still not understood [122, 124, 139], the results of 
this study are in accordance with those presented by Liu et al. [119], who 
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demonstrated a 10% inhibition of E. coli cells after contact with 80 µg mL-1 of 
GO in suspension. 
 
4.2.2.Antibacterial activity of CA, CA-GO, and CA-GOAg 
membranes 
 
The antibacterial activity was tested against E. coli and S. aureus 
microorganisms using the agar plate counting method. The CA, CA-GO, and 
CA-GOAg membranes were immersed in a saline solution containing the 
microbial suspension and both systems were kept in contact for 12 h. The 
number of cells in suspension was quantified and the cellular concentration was 
expressed as the percentage of loss of viability compared to the CA membranes 
(without addition of the nanomaterials) (Figures 3.7 A and B). After 12 h of 
exposure, a 99% decrease in the E. coli and S. aureus concentration were 
observed for the CA-GOAg membranes (0.10, 0.25, and 0.50 wt%) (Figures 3.7 
A and B). 
The ability of the composite membranes to release silver ions into the 
liquid suspension was evaluated by ICP-OES (Figure 3.7 C). The concentration 
of Ag+ ions released from the CA-GOAg 0.10% membrane was approximately 
0.16 ± 0.01 ppm, and a small increase in silver leaching was detected for the 
membranes loaded with 0.25 and 0.50 wt% GO-Ag nanocomposites. Even for 
the membrane prepared with the highest concentration of GO-Ag 
nanocomposites (CA-GOAg 0.50%), the average amount of silver leaching did 



















Figure 3.7. Toxicity assay for the bacteria E. coli (A) and S. aureus (B) exposed 
to CA-GO and CA-GOAg membranes in a saline suspension for 12 h. The 
percentage (%) of inactivated cells was calculated using the CA membrane as a 
control. (C) Silver release (ppm) from the CA-GOAg membranes after 12 h. 
 
The same antimicrobial assay was performed for membranes loaded with 
GO (without the presence of silver); no considerable toxicity was detected for 
those membranes (Figures 3.7 A and B). The functionalization of membranes 
with AgNPs has been previously reported [113-115]. Similarly, the 
incorporation of GO in polymeric membranes has also been demonstrated [133, 
140, 141]. However, membrane modification with silver-based graphene 
nanocomposites has not yet been reported in the literature. Prior studies have 
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claimed that the toxic effects of membranes loaded with AgNPs are correlated 
to their ability to leach out Ag+ [114, 115]. Polysulfone membranes impregnated 
with AgNPs were also immersed in a saline solution for 12 h, and 9 and 6-fold 
decreases were observed in the populations of E. coli and P. aeruginosa, 
respectively [115]. It seems that the Ag+ ions can diffuse from the membrane 
surface into the liquid, inactivating the bacterial cells in suspension. Although 
the antibacterial mechanism is not yet completely understood, some reports 
have attributed the toxicity to the fact that silver can bind strongly to the thiol 
groups of enzymes and proteins. Therefore, AgNPs can induce the formation of 
permeable pits on membranes and also oxidize cellular components through the 
production of reactive oxygen species (ROS) [138]. 
 
4.2.3.Resistance of CA, CA-GO, and CA-GOAg membranes to 
bacterial adhesion 
 
To evaluate the resistance to microbial adhesion, CA-GO and CA-GOAg 
membranes were exposed to BHI medium for 12 h using E. coli as a model 
bacterium (Figures 3.8 A and B). The CA membrane without graphene 
incorporation was used as a control. The adhered cells were quantified by the 
colony counting method. As shown in Figure 3.8 B, the CA-GOAg (0.10, 0.25, 
and 0.50 wt%) membranes exhibited a strong toxicity, reducing the number of 















Figure 3.8. Anti-biofouling resistance of CA-GO (A) and CA-GOAg 
membranes (B) against E. coli. For this assay, the membranes were allowed to 
be in contact with the bacterial in a closed system containing BHI as a culture 
medium. The membranes were loaded with 0.10, 0.25, and 0.50 wt% of GO and 
GO-Ag nanocomposites. 
 
The membranes modified with GO-Ag nanocomposites, however, 
displayed a much stronger anti-biofouling activity compared to those 
functionalized with pure GO. The decrease in E. coli attachment was 
approximately 9-fold higher for CA-GOAg compared to CA-GO membranes. 
As observed in Figure 3.8 A, the CA-GO membranes (0.10, 0.25, and 0.50 wt%) 
were able to reduce the number of attached cells by a ratio equivalent to 10%, 
regardless of the concentration of GO in the polymeric nanocomposite. In this 
sense, the modification with AgNPs seems to impart a strong antibacterial 
activity to the GO sheets.  
Although CA-GO membranes did not exhibit toxicity against adhered E. 
coli cells, prior studies have reported toxicity for GO functionalized membranes 
[110, 129, 142]. For example, poly(vinylcarbazole)-GO (PVK-GO) membrane 
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filters exhibited good antimicrobial activity against E. coli and Bacillus subtilis 
with 3 and 4-log removal, respectively [142]. The mechanism of action was 
related to oxidation stress through ROS production. Antibacterial activity has 
also been reported for PSf membranes functionalized with a GO-HPEI 
nanocomposite [129]. The hybrid membranes showed an effective 
antimicrobial activity against E. coli. The polyamide active layer of PSf 
membranes chemically modified with GO nanosheets resulted in the 
inactivation of 65% of E. coli after 1 h of contact between the membrane surface 
and the bacterial cells [110].  
The mechanism of toxicity for CA-GOAg materials may be attributed to 
the presence of the AgNPs, since we have demonstrated that the nanocomposite 
membranes can diffuse Ag+ ions into the boundary medium. In this step, we 
show that the incorporation of GO-Ag nanocomposites in CA membranes was 
crucial to confer biocidal properties to the membrane. The GO-Ag modified 
membranes were able to prevent biofouling, even after exposure to a culture 
medium (containing high concentrations of sugar and proteins) for 12 h. In 
practical terms, GO may contribute to the mechanism of toxicity because the 
CA-GO membrane itself was found to inactivate approximately 10% of the 
adhered E. coli cells. However, the release of Ag+ ions is the most accepted 
mechanism, even though the bacterial inactivation by silver modified 
membranes has also been attributed to the direct contact between the 
nanoparticles and the microbial cells [108, 116].  
Despite the promising industrial applications, one of the biggest 
challenges remaining for products containing AgNPs is the control of silver 
release. It has been mentioned that the attachment of AgNPs on the surface of 
other nanomaterials is one reasonable approach that could be employed to 
achieve controlled silver release [113]. In this sense, the use of GO sheets to 
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support AgNPs may have some benefits. One noteworthy advantage is the 
chemical interaction of AgNPs with the GO surface. The GO sheets play an 
important role as a supporting and stabilizing agent, preventing the 
agglomeration of AgNPs and, consequently, preserving their biological 
properties. In terms of environmental applications, it is important to develop 
platforms to stabilize nanoparticles. In addition to the fascinating features 
discussed above, graphene oxide is an inexpensive nanomaterial that is easily 
produced from the chemical exfoliation of graphite. We have demonstrated the 
potential for the application of graphene-based materials in water purification 
systems. However, the use of GO-Ag nanocomposites can be extended to a 
range of other applications, including thin films composites, biomedical, and 
catalytic process. 
 
5. Conclusions  
 
In this chapter, we have successfully fabricated cellulose acetate 
membranes modified with GO and GO-Ag nanocomposites, and demonstrated 
their ability to avoid membrane biofouling.  
Neither the thermal stability nor the surface hydrophilicity of the 
modified CA membranes were affected by the incorporation of GO and GO-Ag 
nanocomposites. However, cross-sectional FESEM images showed that the 
asymmetric finger-like porous structure changed to a sponge-like structure after 
the incorporation of GO and GO-Ag into the CA membranes. Thus, the addition 
of GO-based materials altered the morphological characteristics of the porous 
structure, leading to decreased filtration performance, but still maintaining 
sufficient water flux for membrane filtration. The AgNPs attached to the GO 
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sheets were detected by EDS. TEM imaging enabled the identification of GO-
Ag sheets dispersed in the polymeric matrix.  
The CA-GOAg exhibited promising antibacterial activity against the S. 
aureus and E. coli strains. In addition, functionalization with GO-Ag 
nanocomposites provided excellent resistance to the adhesion and proliferation 
of E. coli cells on the membrane surface. In contrast, CA-GO membranes 
(without silver) did not exhibit appreciable toxicity against S. aureus and E. coli 
bacteria, and did not exhibit resistance against E. coli adhered cells.  
The assembly of AgNPs on GO provides a platform to immobilize 
nanoparticles, controlling the silver release process when the material is placed 
in its use environment. However, new strategies for the incorporation of GO-
Ag nanocomposites in membrane systems are still needed to minimize 














Chapter 4: Fabrication of transparent and ultraviolet 
shielding composite films based on 




Graphene-based materials have potential applicability as sensors, paper-
like materials, photovoltaic devices, drug delivery systems, and polymer 
composites [14]. In particular, GO presents promising features, capable of 
improving polymer properties such as elastic modulus, tensile strength, and 
thermal stability [143, 144]. For instance, thin films of poly(lactic acid) and 
graphene oxide (PLA/GO) prepared by solvent-casting presented increased 
mechanical property and higher barrier to gases [145]. Moreover, chitosan films 
modified with GO showed ductile properties and excellent optical transparency 
[146]. The incorporation of GO to polyimide allowed the preparation of 
transparent composite films highly impermeable to moisture [147]. 
Indeed, the presence of oxygenated functional groups enables a good 
interaction and compatibility between GO and a wide range of polymers. 
Additionally, these chemical groups improve the dispersion of GO in aqueous 
media or organic polar solvents, thus facilitating the preparation of polymer 
nanocomposites via solvent-casting [5, 144].  
Cellulose acetate (CA) is a thermoplastic biodegradable polymer 
produced primarily through the esterification of renewable and naturally 
abundant cellulosic materials such as cotton, wood, sugarcane, and recycled 
paper [148]. Owing to excellent optical transparency and electronic insulation, 
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CA-based nanocomposites find applications as packing films, plastic devices, 
filters, membranes, adhesives, coatings for papers, and electrical isolation 
devices [149]. In addition, oxidized carbon nanotubes and graphene oxide have 
been blended to CA matrix in order to prepare composite materials with 
interesting properties. Li et al. [150] prepared acid-treated multiwalled carbon 
nanotube (COOH-MWCNT)/CA nanocomposites via the melt-compounding 
method. The incorporation of COOH-MWCNT led to composites with 
enhanced thermal stability compared to those prepared from non-oxidized 
MWCNT. The improvement in thermal properties is related to specific 
interactions between carboxyl groups in COOH-MWCNT and ester groups of 
CA. Gopiraman et al. [151] prepared cellulose acetate-based nanofibers through 
electrospinning. The incorporation of graphene containing COOH groups 
improved the brittleness of the hybrid fibers, which showed a Young modulus 
that was 3.7 fold higher than pure CA nanofibers. Lastly, graphene flakes 
incorporated into CA matrix favored the reduction of bubble defects and 
increased the tensile strength of nanocomposites by 31.8% compared to the non-
modified films [63].  
Among the several physicochemical properties of polymeric 
nanocomposites, the barrier against ultraviolet (UV) light enables very special 
applications. Specifically, overexposure to UV radiation may damage human 
health, and also induce DNA mutation in skin cells, causing photosensitive 
dermatoses or skin cancer [152]. UV light can also destroy covalent bonds in 
organic materials, causing a series of undesirable degradation effects in 
polymers, woods, dyes, pigments, and semiconductor devices [153]. Generally, 
UV radiation absorption results in free radicals that induce chemical reactions 
and subsequent photodegradation [154]. As a result, most polymers experience 
a reduction in their properties when exposed to UV light.  
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In this context, many efforts have addressed the development of 
transparent polymeric films with UV-shielding properties, including 
applications such as protective UV coatings and optical filters [155, 156]. 
Typically, metal oxide nanoparticles such as TiO2, ZnO, ZnS, and CeO2 have 
been blended to polymers allowing the preparation of hybrid nanocomposites 
with UV-shielding capacity [157]. These nanoparticles have been applied as 
UV-absorbing materials because of their low cost, good stability, and low 
toxicity. However, because of their photocatalytic activity, these nanomaterials 
can induce polymer photodegradation as a side-effect [156]. 
In contrast to metal oxide nanoparticles, GO is a non-catalytic, 
transparent towards visible light, and a good UV light absorbing material. 
Furthermore, due to its large surface area and high aspect ratio, the 
improvements in properties of polymer nanocomposites can be achieved using 
low concentrations of GO [143].  
 
2. Objectives 
This chapter reports the fabrication and characterization of transparent 
composite films prepared from graphene oxide and cellulose acetate (CAGO) 
through solvent-casting, for potential application as UV-protective agents.  
We report the fabrication and the extensive physicochemical and 
morphological characterization of CAGO composite films. In addition, we 








3.1. Characterization of cellulose acetate (CA) 
 
As cellulose acetate (CA) was commercially obtained, the 
characterization to determine its real degree of polymerization (DP) and 
substitution (DS) was carried out. The CA number- and weight- average 
molecular weights (Mn and Mw, respectively) were determined by gel 
permeation chromatography (GPC) using a Viscotek GPCmax VE 2001 
instrument with a Viscotek VE 3580 refractive index detector. The analysis was 
made in THF at 40 °C, at a 1.0 mL min-1 flow rate. A 5.0 mg mL-1 CA solution 
concentration and 100 µL injection volume was used. The obtained molar 
masses were related to polystyrene standards (1,050 to 3,800,000 g mol-1). The 
average molecular weights for CA were Mn = 41,600 g mol
-1 and Mw = 97, 300 
g mol-1, and the DP value was 170. 
The CA degree of substitution (DS) is the average number of acetyl 
groups per anhydro-D-glucose unit of cellulose [158]. DS was determined by 
saponification of the ester and titration of the free acid, as described by 
Rodrigues et al. [159]. To do this, 2.50 mL acetone was added to an Erlenmeyer 
flask containing about 0.1 g CA to maximize the polymer solubilization. 
Furthermore, 2.50 mL ethanol followed by 5.00 mL NaOH (0.25 mol L-1) were 
added to the previous CA solution. After 48 hours’ exposure, 10.00 mL HCl 
(0.25 mol L-1) was added to the mixture, which was left standing for 2 hours. 
Next, the mixture was titrated using a standard 0.24 mol L-1 NaOH solution, and 
phenolphthalein as an indicator.  
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The percentage of acetyl groups (%AG) was calculated by the following 
equation: 
 
%AG =  
[(Vbi+Vbt)μb−(Va × μa)]43 ×100
mCA
,           (4.1) 
 
where Vbi corresponds to the NaOH volume added to the system; Vbt is the 
NaOH volume used in titration; b and a are the NaOH and HCl 
concentrations; Va is the HCl volume added to the system; 43 is the molar 
weight of the acetyl group; and mCA is the mass of the cellulose acetate sample. 
The degree of substitution (DS) was obtained according to Samios et al. 
by the following equation [160]: 
 





The DS value was found to be 2.37 ± 0.09 (39.0% of AG) for CA, which 
characterizes the commercial product as a cellulose diacetate. 
 
3.2. Fabrication and characterization of cellulose acetate and 
graphene oxide (CAGO) composite films 
 
Cellulose acetate (CA, CAS number 9004-35-7, Mn = 30,000 g mol
-1, 
Sigma-Aldrich) was dried in a vacuum at 60 °C for 24 h prior to use. The 
polymeric solution was prepared by dissolving CA (1.5 g) in acetone (7 mL, 
chromatography grade, 99.5%, Sigma-Aldrich) by continuous magnetic stirring 
for 12 h. The desired amount of GO (1.5; 3.75; and 7.5 mg) was dispersed in 
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acetone (4 mL) and subjected to sonication in an ultrasound bath (Cole-Parmer 
8891) for 30 min. Subsequently, the GO suspension in acetone was slowly 
added dropwise into the CA solution under gently controlled magnetic stirring 
to avoid bubbling. The mixture was kept stirring for 15 min under sealed 
conditions at room temperature to obtain a homogeneous dispersion.  
Next, the CAGO composite films were prepared by solvent-casting. The 
mixture was spread onto a glass plate and left to dry at room temperature to 
allow the acetone to evaporate totally and give films that were approximately 
20 µm thick. The as-prepared films were immersed in DI water to detach them 
from the glass plate and then allowed to dry at room temperature for 12 h. 
The GO content in the composites were 0.10; 0.25; and 0.50 wt% in 
relation to CA weight, resulting in CAGO 0.10%; CAGO 0.25%; and CAGO 
0.50% samples, respectively. CA films (without any GO) were prepared as a 
control. 
FTIR spectra of CAGO films were recorded directly from the film 
samples on an Agilent Cary 630 FTIR spectrometer with the attenuated total 
reflectance (ATR) accessory. 
The crystallographic structures of CAGO films were analyzed by XRD 
using a Shimadzu XRD-700 diffractometer. The analyses were conducted with 
CuΚα X-ray radiation (λ=1.54056 Å) with a generator voltage of 40 kV in a 2θ 
range from 5° to 50° with a scan rate of 2° min-1.  
TGA measurements of CAGO films were carried out on a 
thermogravimetric analyzer (TA Instruments SDTQ600). The temperature 
range employed was from 25 to 800 °C with a ramp of 10 °C min-1 under a 
nitrogen flow rate of 100 mL min-1. The glass transition temperatures (Tg) of 
composite films were determined by DSC, which was performed in a DSC-
Q100 calorimeter from TA Instruments. The thermal curves were obtained 
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under an argon flow of 50 mL min-1, as follows: heating from 25 to 250 °C at 
20 °C min-1, isotherm for 2 min, cooling to 25 °C at 10 ° min-1, isotherm for 2 
min, and heating to 250 °C at 10 ° min-1. 
The surface morphologies of the CAGO films were observed by SEM, in 
a JEOL JMS 6360-LV microscope operating at a 2.0 kV accelerating voltage. 
Samples were gold sputtered in a Bal-Tec MD 020 instrument (Balzers). 
The dispersion and morphology of GO in the CA matrix were observed 
by TEM using a Zeiss LIBRA 120 microscope coupled to an Omega Filter-
spectrometer with an accelerating voltage of 80 kV. Ultrathin sections, 
approximately 40 - 65 nm thickness, were cut perpendicular to the film plane at 
room temperature using a diamond knife (Diatome) on a Leica EM FC6 cryo-
ultramicrotome and collected on uncoated 400 mesh copper grids. 
AFM tapping mode imaging and Kelvin probe force microscopy (KPFM) 
of CA and CAGO films were taken on a Nanoscope Multimode III (Veeco) 
employing MESP (Bruker) Co-Cr coated cantilevers (2.8 N/m force constant, 
75 KHz nominal resonance frequency). 
The wettability of film surfaces was estimated by water drop contact 
angle measurements. After dropping 5 µL of ultrapure water onto a film surface, 
the contact angle between water and the film surface was collected 
automatically using a KRÜSS EasyDrop drop shape analyzer instrument.  
UV-vis spectroscopy was performed to study the effect of GO sheets on 
the UV-vis transmittance of CAGO films. For each sample, wavelength 
scanning was performed in three random places along the film. The wavelength 
was monitored from 200 to 800 nm, and spectra were taken on an 




4. Results and Discussion 
 
The composite films were prepared by the incorporation of GO in 
cellulose acetate (CA) and the samples were denoted as CAGO films. The GO 
used to fabricate the CAGO composite films was previously synthesized and 
characterized as described in Chapter 1. 
To identify the ordered structure of GO in the cellulose acetate 
composites, the XRD patterns of CA and CAGO films were analyzed, and the 
results are shown in Figure 4.1. Regardless of the GO content in the CAGO 
films, it was not possible to identify diffraction peaks associated with the 
ordered structure of GO. This indicates that the GO sheets are well dispersed 
and exfoliated throughout the CA matrix, without the formation of ordered 












Figure 4.1. XRD patterns of CA and CAGO composite films (CAGO 0.10%, 
CAGO 0.25%, and CAGO 0.50%). 
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ATR-FTIR spectra of CA and CAGO films are shown in Figure 4.2, and 
no appreciable differences were observed between the spectra of pure CA and 
CAGO films. All films presented a broad band at 3475 cm-1 and a band at 
approximately 1734 cm-1, which are assigned to hydroxyl (O−H) and carbonyl 
(C=O) stretching of cellulose acetate, respectively [162]. The vibrational modes 
at 1434 cm-1 and 1366 cm-1 are attributed to CH2 bending and C−H deformations 
of the carbon chain of cellulose acetate, respectively. An intense band at 1216 
cm-1 is assigned to C−O stretching of acetyl groups, and the band at 1161 cm-1 
is attributed to C−O−C bridge antisymmetric stretching. The symmetric 
stretching of the C−O bond from primary alcohol is identified at 1026 cm-1, and 
the band at 896 cm-1 can be ascribed to β glucosidic linkages between sugar 
units that form the polymeric chain of cellulose acetate [126]. Considering that 
ATR technique collects information from the film surface, and no significant 
differences were observed between the FTIR spectra of CA and CAGO films, 
we do believe that the chemical surface composition of the composite films was 























Figure 4.2. FTIR spectra of CA and CAGO composite films recorded with 
attenuated total reflectance (ATR) accessory. 
 
Accordingly, the thermal stability of CA and CAGO films are shown in 
Figure 4.3. The TGA curves showed a one-step profile of weight loss for neat 
CA and CAGO composites, which is related to the degradation of acetyl groups 
and the chains of cellulose [162]. Therefore, it is clearly seen that the TGA 
curves of pure CA and CAGO films are practically overlapped, indicating that 
the thermal decomposition behavior of CAGO is almost identical to neat CA 
films, even for the highest GO loading. As aforementioned in Chapter 1 (Figure 
1.4 A), the oxygenated groups in GO decomposed at approximately 200 °C; 
however, the decomposition temperature of the CAGO film was approximately 
350 °C, which suggests a strong interaction between GO sheets and CA chains. 
A one-step thermal decomposition of chitosan/GO films was also observed by 











Figure 4.3. TGA (A) and (B) DTG curves for CA and CAGO composite films. 
 
Quantitatively, the incorporation of GO into the CA matrix slightly 
improved the thermal stability of the composite films, as evaluated from the 
thermal degradation temperatures at 10% and 50% mass losses (T10% and T50%) 
(Table 4.1). For example, the thermo-oxidative degradation values at 10% and 
50% of neat CA film were 312.7 and 349.7 °C, respectively, whereas T10% and 
T50% of CAGO 0.50% were 317.9 and 359.0 °C, respectively, which are slightly 
higher than the values for neat CA. Likewise, the thermal stability of 
CA/graphene flakes composites was also slightly improved after modification 
with graphene, as demonstrated by Liu et al. [63]. 
The glass transition temperatures (Tg) for neat CA, CAGO 0.10%, CAGO 
0.25%, and CAGO 0.50% films were 189.1 °C, 190.5 °C, 190.1 °C, and 174.0 
°C, respectively (Table 4.1). The relatively high CA Tg value is reported to be 
the result of the formation of complex molecular associates, which depend on 
the strength and amount of intra and intermolecular interactions between CA 
chains. These interactions between the cellulose chain units are responsible for 
making CA structure particularly rigid. The Tg of the CAGO 0.50% film (174.0 
°C) was lower than the Tg value of pure CA film (189.1 °C). This decrease is 
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attributed to the segmental motion enhancement of the polymer backbone and 
indicates that the addition of GO sheets restricts CA associate formation, 
consequently decreasing the Tg value of the CA matrix [164]. 
The melting temperature (Tm) for neat CA film was found to be 221.8 °C, 
which is in agreement with values previously reported in the literature [165, 
166]. The Tm remained practically unaltered with the incorporation of 0.10 and 
0.25 wt% GO; however, no melting transition was observed for the CAGO 
0.50% film.  
 
Table 4.1. Thermal degradation temperatures for 10% and 50% weight losses 
(T10% and T50%) of CA and CAGO films. Glass transition temperatures (Tg) and 
melting temperatures (Tm) of the films. Average contact angles measured by 
water droplet on CA and CAGO film surfaces. The numbers in parentheses 
represent the standard deviation for n = 3. 
 
The morphological properties of CA and CAGO films were characterized 
by SEM, as shown in Figure 4.4 A-D. The SEM image of pure CA film (Figure 
4.4 A) displays a highly smooth film surface, and the SEM images of CAGO 
samples (Figures 4.4 B-D) showed that the incorporation of GO did not provide 
significant morphological changes to the surface roughness; CAGO film 
surfaces were also homogeneous and smooth. Nevertheless, smoothness 
Sample 
TGA  DSC  Contact angle  
T10% (°C) T50% (°C)  Tg (°C)  Tm (°C)  (°) 
CA 312.7 349.7  189.1  221.8  71.4 (1.3) 
CAGO 0.10% 318.0 348.1  190.5  222.4  71.2 (1.1) 
CAGO 0.25% 317.5 348.8  190.1  220.6  71.4 (1.7) 
CAGO 0.50% 317.9 359.0  174.0  -  69.7 (1.6) 
91 
observed in the SEM images is an indication of the fact that the GO sheets were 
uniformly dispersed in the CA matrix, exhibiting films with high homogeneity 
without visible points of aggregation. Therefore, the GO oxygenated groups 
might be interacting with the CA chains, providing good compatibility between 
the GO filler and the polymer. 
TEM analysis was carried out to investigate the dispersion of GO within 
the CAGO composite film. The TEM images were obtained from a cross-
section of the CAGO 0.50% film. As shown in Figure 4.4 E and F, the TEM 
images revealed that the GO sheets were well-distributed throughout the CA 
matrix, even though the GO sheets appeared to be somewhat folded within the 
polymeric matrix. Besides, the presence of agglomerates has not been detected. 
Additionally, the GO sheets were completely embedded within the polymeric 








































Figure 4.4. SEM images of surfaces of (A) CA, (B) CAGO 0.10%, (C) CAGO 
0.25%, and (D) CAGO 0.50%. (E-F) TEM images of CAGO film with 0.50 
wt% GO. The arrows indicate folded GO sheets. 
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For a detailed investigation of the surface morphology, height and phase 
images were obtained from tapping mode AFM. Figure 4.5 A shows the 
topographic images of CA (left) and CAGO 0.50% films (right) (scale 5 µm x 
5 µm). The images demonstrate that the surface of the CA film is highly 
homogeneous and smooth. However, some roughness was observed on the 
surface of the CAGO 0.50% composite film. As mentioned from previous SEM 
results, the incorporation of GO led to the formation of smooth film surfaces; 
however, AFM analysis indicates that the presence of 0.50 wt% GO in the 
polymeric matrix led to a film with some surface roughness, compared to the 
pure CA film. This roughness may be due to the presence of folded GO sheets 
in the polymeric matrix, as demonstrated by TEM analysis (Figure 4 E-F). As a 
result, the incorporation of GO was found to impart some roughness to the 
surface of CAGO composite films without considerably reducing their 
homogeneity and smoothness features. 
Phase imaging is a technique commonly employed to study the phase 
contrast (material contrast) of polymeric blends and composites. Figure 4.5 B 
displays the phase image of CA (left) and CAGO 0.50% films (right). The CA 
contrast image is homogeneous. The phase imaging of CAGO 0.50% film 
identified more clearly the surface roughness as compared to its corresponding 
height image (Figure 4.5 A, right). Hence, the surface homogeneity is 
maintained after the incorporation of GO into the CA matrix, and no specific 
regions where GO sheets are present were distinguishable. 
KFPM measurements were taken to obtain the electrostatic potential 
maps for CA and CAGO 0.50% films. Figure 4.5 C (left) and its corresponding 
electrostatic surface potential curve showed no contrast and no surface potential 
for CA film. This behavior can be associated with the absence of superficial 
charge and the non-conducting nature of CA film. However, a high contrast was 
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observed for CAGO film (Figure 4.5 C, right). The corresponding electrostatic 
surface potential curve shows that, for some regions, the electrostatic potential 
was close to zero, which is equivalent to the electrostatic potential map found 
in pristine CA film, whereas there were some regions that showed electrostatic 
potentials of approximately 1 V. Therefore, the white domains, measuring from 
30 to 200 nm, can be related to the presence of GO sheets dispersed throughout 
the entire polymeric film. These results imply that the net charge is concentrated 
at the areas where GO sheets are localized. It is worth mentioning that the 
potential value appears to be independent of the GO sheet size, indicating that 
the charge density at different GO sheet clusters is very similar. The KFPM 
results are in agreement with TEM analysis, confirming that GO is indeed 
dispersed across the CA matrix and that the net charge is mostly concentrated 
at the GO sheets. The lack of spatial correlation between the phase contrast 
images (Figure 4.5 B) and the KPFM measurements (Figure 4.5 C) indicates 
that the GO sheets are homogeneously embedded in the CA matrix and not 





































Figure 4.5. AFM images of CA (left) and CAGO 0.50% (right) composite films 
(A) topography, (B) phase contrast, and (C) electrostatic surface potential. 
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To determine if the incorporation of GO altered the surface wettability, 
water contact angles were acquired and the results are shown in Table 4.1. 
Herein, contact angle measurements were conducted by dropping ultrapure 
water on pristine CA and CAGO surfaces. The incorporation of GO did not alter 
the hydrophilicity of CAGO films in comparison to pristine CA film. Therefore, 
these results strongly support that GO sheets are not directly exposed on the 
polymeric composite film surface, proving that the chemical compositions of 
the surfaces were not significantly affected by the incorporation of GO. In 
general, both CA and CAGO films demonstrated good wettability with water 
contact angles less than 90° [167]. Additionally, the wettability of CAGO 
0.50% films was not substantially affected by the slight roughness of the 
surface, as observed from AFM imaging (Figure 4.5). By contrast, Pinto et al. 
[168] found that the contact angle of PLA composites decreased from 87 to 78° 
after blending with GO. The increase in hydrophilicity of the PLA/GO 
composite can be justified due to the hydrogen bonds between oxygenated-
functional groups on GO and the water drop, suggesting that the GO sheets were 
likely exposed on the PLA/GO film surface. 
Photographs of CA and CAGO films are shown in Figure 4.6 A. The 
average thicknesses of these films were 20 µm. It is clear that CA is a colorless 
and homogeneous film, whereas the CAGO films are light-brown, and their 
color varies as a function of GO loading. Additionally, all CAGO composite 
films are visually transparent and uniform.  
The light transmittance of CA and CAGO composite films was measured 
using UV-vis spectroscopy, and the results are shown in Figure 4.6 B. Pristine 
CA film presented light transmittance higher than 90% across the visible light 
range (400 – 800 nm), and the transmittance of CAGO films slightly decreased 
with increasing GO loading. For the film containing the highest wt% GO 
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(CAGO 0.50%), the light transmittance at 550 nm was 79%, compared to 94% 
for the neat CA film. Therefore, the efficiency of visible light transmission 
decreased by only 15.9%. As the optical transmittance of all CAGO films within 
the visible range (550 nm) is still ~80 – 90%, these composite films maintained 
transparency regardless of GO loading. These results are in accordance with 
Zhang et al. [169], who reported that cellulose films showed reduced optical 
transmittance (from 91.5% to 78.2%) after blending with 0.4 wt% graphene. 
These cellulose/graphene films revealed comparable transparency with the 











Figure 4.6. (A) Photographs of CA and CAGO 0.10, 0.25, and 0.50% loading 
films, from top to bottom, respectively. (B) UV-vis spectra of neat CA and 
CAGO composite films. (C) Transmittance change at specific light wavelength 
(visible, UVA, UVB, UVC).  
 
The linear decrease in light transmittance of CAGO films at 550 nm 
indicates that GO sheets were uniformly dispersed in the cellulose acetate 
matrix [146, 169]. Pristine reduced graphene oxide (rGO) thin films presented 
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optical transparency dependent on their thickness, as demonstrated by Becerril 
et al. [170]. Thicker rGO films (41 nm) provided transmittance of 
approximately 20% at 550 nm, whereas thinner films (6 nm) showed optical 
transparency of 95%. Although there was a darkening aspect on rGO films due 
to the restoration of the -conjugation network, a pristine thin film of GO (9 
nm) was highly transparent (transmittance of 95% at 550 nm) [170]. Therefore, 
because CAGO films contain GO sheets distributed throughout the cellulose 
acetate matrix, it is reasonable to expect a slight decrease in the optical 
transparency for the composite films. 
Figure 4.6 C shows that the transmittance changes at specific UV light 
wavelengths. Notably, the CAGO composite films possess good absorbance of 
UV light at 250 nm (UVC), 300 nm (UVB), and 350 nm (UVA), and compared 
to CA films, CAGO films can be considered potential UV-shielding materials. 
For example, CAGO 0.50% film shielded 57% UVC, 44% UVB, and 36% 
UVA, while neat CA film shielded only 16% UVC, 9.6% UVB, and 7.4% UVA. 
Therefore, a novel material with enhanced light shielding capacity, especially 
for UVC irradiation, and also good optical transparency in the visible light range 
was obtained through the incorporation of GO nanosheets into CA films. These 
results also imply that the presence of GO facilitates the absorption of UV 
photons [171]. The schematic representation of the fabrication process of 
CAGO films by solvent-casting and the UV-shielding action of these 






















Figure 4.7. Scheme outlining the fabrication of CAGO composite films by 
solvent-casting and the UV-shielding capacity of these transparent films. 
 
Herein, we reported the application of non-functionalized GO as a filler 
nanomaterial for the development of polymeric nanocomposites with enhanced 
optical properties. In this context, various semiconductor metal oxide 
nanoparticles such as TiO2, ZnO, ZnS, and CeO2, have been incorporated into 
transparent polymers to produce functional materials with improved UV-
shielding properties [156]. However, the photocatalytic activity of those 
nanoparticles would also induce photo-degradation of organic substances [156], 
leading to undesirable side-effects. As a consequence, there is a demand for 
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novel UV-shielding materials with higher stability and UV light absorbance 
ability.  
The use of GO can offer a range of advantages when compared with other 
nanomaterials. Firstly, GO is a versatile material that can be functionalized by 
chemical and physical processes to produce nanocomposites with unique 
properties. Thus, the UV-shielding capacity can eventually be modulated 
whether GO is modified with nanoparticles or other organic molecules such as 
polyaromatic derivatives. In addition, GO is easily dispersible in water and 
organic solvents without the use of any stabilizing agent. Lastly, the oxygen-
containing groups allow GO to interact with several types of polymers, thus 
leading to nanocomposites with new or improved properties. Nonetheless, the 
CAGO composite films reported in this chapter have potential to be applied in 
pharmaceutical, food, and biomedical industry as transparent coatings with 
















This chapter reports the successful fabrication of transparent films based 
on graphene oxide and cellulose acetate using the solvent-casting method. The 
GO sheets were found to be well-dispersed throughout the CA matrix. The 
incorporation of GO did not significantly change the morphology or 
composition of the film surfaces. The SEM and AFM micrographs proved that 
the CAGO film surfaces were homogeneous and smooth and that GO was not 
directly exposed at the composite surface. Moreover, the structural 
characteristics and the surface hydrophilicity of the composite films were not 
affected by the incorporation of GO. 
The CAGO films retained transparency in the range of 80–90% in the 
visible region (550 nm) regardless of GO content. However, CAGO films 
exhibited an improved UV-shielding capacity compared to pristine CA films. 
For UVC irradiation, the CAGO 0.50% film shielded 57% of UV radiation, 
combined with an optical transparency in the visible light region of 79%. 
Therefore, the incorporation of GO into the CA matrix led to novel transparent 












Graphene-based nanomaterials have attracted a great deal of attention due 
to their variety of special properties, making them highly versatile building 
blocks for a range of applications. The unique properties of graphene oxide 
include the presence of reactive oxygenated groups (hydroxyl, carboxyl, and 
epoxy groups), its dispersibility in water and polar solvents, and its good 
interaction and compatibility with polymeric matrices. In terms of chemical 
modification, the functionalization of GO sheets with silver nanoparticles also 
opens up a new pace for the development of novel antibacterial 
nanocomposites. 
In summary, the GO-Ag nanocomposites possess biocidal activity against 
several bacteria strains, including the antibiotic resistant MRSA. Therefore, the 
data presented here can add some novelty to biomedical field, since there is a 
lack of data concerning the use of graphene-based nanocomposites against drug 
resistant bacteria. Further efforts are still needed to better elucidate the 
antibacterial mechanisms of GO-Ag at the molecular level. Nevertheless, our 
findings represent an advancement in the understanding of how graphene-based 
nanocomposites interact with microorganisms. Furthermore, the results 
presented here can support the use of GO-Ag as a promising antimicrobial agent 
to prevent bacterial contamination in clinical facilities. 
In another application taking advantage of the antibacterial properties of 
GO-Ag nanocomposites, we studied the use of this graphene-based 
nanomaterial as an effective bactericidal nanocomposite to prevent bacterial 
adhesion and colonization on filtration membranes for water purification. While 
additional work is still necessary to better understand the influence of the 
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graphene-based materials on the membrane performance, the results presented 
here suggest that the functionalization of the filtration membranes with GO-Ag 
nanocomposites is a promising strategy to control bacterial attachment and 
proliferation. 
We also highlighted the potential application of GO as a good UV 
absorbing material for the fabrication of transparent composite films with 
enhanced UV-shielding properties. These novel composite films can be applied 
in the pharmaceutical, food, and biomedical industries as transparent coatings 
with strong UV light protection activity. Despite this proof of concept, 
additional studies are still necessary to better understand the relationship 
between the physicochemical characteristics of GO and their UV-shielding 
properties in cellulose acetate films. 
The fundamental knowledge on the properties of graphene-based 
nanomaterials developed in this study will open up the possibility of endless 
applications. Therefore, it is our hope that this work will lead to ideas for new 
applications of GO and GO-Ag nanocomposites. Multidisciplinary work at the 
interface of chemistry, biology, engineering, and other disciplines will likely 
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